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The prime motivation of this work is to understand the fundamental
transmission process of an electron beam through a funnel-shaped capillary taking
into account its shape together with the energy, angular and time dependence of the
transmitted electrons produce a microsized electron beam. The utilized capillaries had
inlet/outlet diameters of 800/16 µm, 800/100 µm and lengths of 35 mm. Considerable
transmission of 800 and 1000 eV electrons for tilt angles up to 1.5o and only small
transmission for 500 eV electrons was observed for the capillary with the smaller
outlet diameter of 16 µm. Incident electrons with energies of 500 and 1000 eV
electrons were successfully transmitted and guided for tilt angles up to ~5o and ~8o,
respectively, with respect to the incident beam direction for the capillary with an
outlet diameter of 100 µm. The transmitted electrons were found to have both elastic
and inelastic behavior. The angular profiles were comprised of up to three peaks for
both 500 and 1000 eV energies for the capillary with outlet diameter of 100 µm
showing evidence for transmission that goes straight through the capillary without
interacting with the walls (direct), and transmission that results from Coulomb

deflection by electrons or scattering from nuclei close to the wall surface (indirect).
The energy spectra show that elastically transmitted electrons prevail at 500 eV with
respect to increasing sample tilt angles, while inelastic processes dominate for 1000
eV already at small tilt angles. The elastic and inelastic components of the transmitted
beam caused peaks to occur either individually or together. The transmission was
studied as a function of the charge deposition and found to be time dependent. Results
suggest fundamental differences between 500 and 1000 eV incident electrons. For
500 eV the transmission slowly increases suggesting charge up of the capillary wall,
reaching relative stability. For small tilt angles the transmission shows oscillations in
the transmission, which never reached a stable condition. Nevertheless, for larger
angles the transmission reached near equilibrium.
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CHAPTER I
INTRODUCTION
Collisions between highly charged ions (HCI) and solid surfaces have been a
common tool for surface modification and materials analysis. In parallel with this, beam
transmission through various types of conducting and insulating capillaries has attracted
considerable interest in the fabrication of macro-, micro- and nano-sized beams. The first
experiments using capillaries were reported by Yamazaki et al., [1] in 1996 and Ninomiya
et al., [2] in 1997 utilizing Al2O3 and nickel microcapillaries, respectively. Further
experimental studies [3] as well as theoretical studies [4,5] were conducted for metallic
capillaries. Investigations also were done using insulator targets of Al2O3 [6].
A ground breaking discovery for slow highly charged ions passing through
insulating capillaries was reported by Stolterfoht et al., [7] in 2002, in which it was
demonstrated that a beam of 3 keV Ne7+ ions was guided through an array of
nanocapillaries in a polyethylene terephthalate (PET) foil. Nanocapillary foils typically
contain an array of a large number (>106/cm2) of pores formed in them. In this work the
transport of the ions was supported by charge patches formed by a self-organizing process
induced by the beam itself on the insulator surface of the capillary inner walls.
Transmission was found even when the foil was tilted up to ±20o with respect to the initial
beam direction, and the transmitted ions retained their initial charge state and energy. The
guiding effect is a process that leads to subsequent incident ions being repelled by the
charge patch formed by the incoming ion beam, thus preventing these ions from making
close contact with the walls and preserving the initial charge state and energy.
Guiding is a more general phenomenon for the interaction of slow (keV) highly
1

charged ions (HCI) with insulating nano- and microcapillaries, and it has been studied for
diverse capillary features such as different sizes, aspect ratios and materials. As examples,
PET foils with 3 keV Ne7+ [8] and polycarbonate (PC) with 10, 20, 50 keV Ne7+ [9], SiO2
foils with 7 keV Ne7+ [10], single straight glass microcapillaries with 4.5 keV Ar9+ [11] and
a single tapered glass capillary with 230 keV Xe23+ [12] demonstrated the guiding
phenomenon. In parallel with this, beam transmission through various types of insulating
capillaries has attracted considerable interest in the fabrication of macro-, micro- and nanosized beams. The transmission of fast 2 MeV He+ through a single tapered glass
microcapillary was demonstrated by Nebiki et al. [13] in 2003 for microsized beam
production. For such high energy experiments, the transmission was explained mainly by
small-angle (Rutherford) scattering on the capillary surface.
Transmission through a single microcapillary allows simpler analysis and offers the
possibility of producing microsized beams [14,15,16,17], which are useful in various
technical and biological applications [18,19,20]. These tested microcapillaries can be
found in different shapes including straight microcapillaries [11] and tapered capillaries
[12,14]. Tapered microcapillaries are classified according to two categories based on shape
[21]: one is referred to as conical because the taper angle is almost constant along the
capillary length [19], while the other is a funnel shape, in which a straight section (inlet
side) is followed by an exponential-shaped transition (a funnel-shape) section that goes to
the exit portion having a constant and much smaller taper angle than the conical capillary.
Additionally, the tapered glass capillary was regarded as a convenient and low priced tool
for producing micron- or submicron-sized beams for other fields. Those capillaries have
been tested for focusing slow and fast HCI beams. The transmission efficiency for HCIs
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depends on the beam energy, input current, outlet size and the surface resistivity of the
capillary. For 8 keV Ar8+ incident beams the density of transmission was found to be
enhanced by as much as 10 times [15]. Moreover, as an application tool, Nebiki et al., [13]
investigated the application of tapered glass capillaries for creating microbeams by
focusing 2 MeV helium ions down to 0.8 μm, which was applied to slow highly charged
ions by Ikeda et al. [14], for which the capillary was modified by adding a thin window
with a thickness of 1 μm at the tip of the capillary. Iwai et al. [16] extended this scheme by
injecting a microbeam into a liquid target, which was used for irradiating polymer foils in
aqueous solutions. Furthermore, the tapered glass capillary scheme has been applied to
various topics such as in-air scanning transmission ion microscopy [19], nuclear reaction
analysis [20] and micro-proton-induced x-ray emission [22]. Microcapillaries have been
made of glass because other materials cannot be formed so easily with long and thin shapes.
In addition to these straight, conical and funnel capillary shapes, two separated flat
glass plates [23,24] were used in the study of beam transmission. In this work an
unexpected time evolution was seen with a slow and regular oscillating transmission
current (called resistive switching) passing between the two plates. Also, an ultra-thin
carbon membrane was utilized with slow highly charged Xe30+ transmission [25] showing
negligible energy loss and no charge state change. This type of membrane with tapered
glass capillaries may become an alternative for a durable window for extracting slow HCIs
to the air without energy loss and charge state change. Rhombic and rectangular shaped
mica nanocapillaries [26] were utilized with Ne7+ and demonstrated that the transmitted
profiles are determined by the geometrical cross sections of the nanocapillaries, i.e., beam
takes a shape with respect to shape of the capillary. This is called the tailoring effect by the
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image charge. This beam shaping mechanism suggests applications for the guiding,
focusing, and shaping of ion beams.
The prime motivation of the present research is to investigate the properties of
guided electron beams for tapered capillaries and to address some of the unanswered
questions regarding the fundamentals of the electron transmission process and check the
possibility of producing an electron microbeam. This research is aimed at making clear the
transmission correspondence to the shape of the capillary together with the energy and
angular dependence. It is noted that the dependence on the capillary shape has only been
reported for ions as a theoretical simulation [27] and as an experimental study [21] but not
for electrons.
In this dissertation research, the transmission of 500, 800 and 1000 eV electrons
through funnel-shaped glass microcapillaries is reported. The transmission properties are
studied from different aspects including the energy spectrum of the transmitted electrons,
the outgoing beam profile, the maximum guiding angle, angular width of the transmitted
beam, and the time dependence of the transmission. These results are then compared with
reports published in the literature followed by conclusions.

4

CHAPTER II
GUIDING MECHANISM AND BACKGROUND
In this chapter, a literature review of related ion and electron beam interactions on
insulator surfaces, slow (keV) and fast (MeV) highly charged ion (HCI) and slow (≤ 500
eV) and fast (> 500 eV) electron beam transmission through nanocapillaries and
microcapillaries, will be presented. Also, some applications using microcapillaries will be
reviewed.
To develop a tool to study both physical and chemical properties of the interiors of
microsized tubes, investigations were conducted by transporting 2.1 keV Ne8+ through Ni
metallic microcapillary foils [2] and the observations were in good agreement with
theoretical interpretations [4,5,28]. In these studies ions underwent charge transfer
processes leading to the formation of hollow atoms (or ions) that were extracted into free
space. A hollow atom is an atom with empty core states. When a highly charged ion with
a large potential energy interacts with a surface, the ion becomes neutralized by the removal
of outer shell (valence band) electrons from surface atoms [29]. Many of these electrons
become bound in high lying states of the ion, creating a hollow atom with empty core states
[29,30]. Usually the decay of these hollow atoms occurs both above and below the surface
by processes such as Auger emission followed by refilling electron vacancies at
neighboring atoms near the injection point of the HCI [31].
Auger electron emission can occur when a core electron is removed, leaving a
vacancy in a lower energy level, and an electron from a higher energy level falls into the
vacancy, resulting in a release of energy. The released energy is transferred to another
electron and ejected from the atom. That ejected electron is an Auger electron. In general
5

there will be many possible Auger transitions such as KLL, LMM and MNN for a given
element. Moreover, the above mentioned study of transporting 2.1 keV Ne8+ through Ni
metallic microcapillary foils [2], as well as 9 keV Ne9+ through Al2O3 nanocapillary foils
[1], reported that if the locations of the hollow atom formation are close to the exit of the
capillary, they can be extracted in the vacuum before they hit the capillary wall.
Because of macroscopic charge up induced on the target surface the interaction
and transmission of charged particles with insulator targets had not been studied
systematically. Moreover, the results depended on the initial surface conditions, the
incident current, even the target shapes, which do not allow consistent analyses and
predictions. When an ion beam hits on an insulator surface, the incident charge can be
deposited on the surface. The charge deposition is supported by a higher work function,
the lower density of free electrons, and lower electronic conductivity of the insulators.
When studying the interaction of charged particles with insulator targets,
microscopic self re-neutralization, microscopic active re-neutralization, or macroscopic
self-organized charge up need to be satisfied [32]. Microscopic self re-neutralization occurs
when an ion beam hits an ionic insulator and it behaves like a normal insulator, for example
LiF, an ionic insulator with a large band gap (~12 eV), behaves like a normal insulator.
Nevertheless, when ionic insulators are irradiated with an ion beam for a long time, they
are heated to a proper temperature and will behave as conductors because of their ionic
mobility [33]. The ionic conductance is high enough to prevent macroscopic charge up of
the sample [33]. Microscopic active re-neutralization is neutralization of an area of
charged-up insulators using an electron shower. As an example, slow HCI (9 keV Ne9+)
transmission through Al2O3 microcapillaries was studied with an electron shower to
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neutralize the surface from charge up [1].
The self-organized charge up occurs when an ion beam of charge state q with
kinetic energy Ep hits an insulating capillary surface at a small incidence angle (measured
with respect to the surface parallel) of ψ as shown in Figure 1. The incident charge can be
deposited in the entrance region of the capillary producing an electric potential energy of
qU, where q is the charge of the projectile and U is the electric potential. When Ep is given
by ½ mv2, the E┴ can be given as Eq. (1).
E┴ =

1
1
m(v sin ψ)2 = mv 2 sin2 ψ = Ep sin2 ψ … … … … … … … … . . (1)
2
2

The potential energy of the insulator surface can be as high as the perpendicular component
of the incident beam energy E┴= Ep sin2ψ. Consequently the potential of the insulator
surface can be as high as Ep (sin2ψ)/q. The potential of the insulator surface must be smaller
than the breakdown voltage of the insulator [6]. The breakdown voltage is the minimum
voltage that causes an insulator to become electrically conductive.

Figure 1. A cross section of the entrance region of the capillary is drawn in black. The
beam is incident with a small angle of ψ measured with respect to parallel to the capillary
surface. The incident beam energy is Ep and the respective velocity is Vp. The V┴ and
V// are perpendicular and parallel components of charged particle velocities which
produce corresponding energies of E┴ = Epsin2ψ and E// = Epcos2ψ respectively.

7

Guiding of slow highly charged ions through insulating nanocapillaries
As mentioned in chapter I, the ability of 3 keV Ne7+ (slow HCI) to guide through
insulating nanocapillary foils of PET with capillaries of 100 nm diameter and 10 µm length
was reported by Stolterfoht et al., in 2002 [7] for the first time. Evidence of guiding is
provided by the observation angle θ coinciding with the related tilt angle ψ, the angular
full-width at half-maximum (FWHM) of the beam profile being independent of the tilt
angle, and a large fraction of input HCIs retaining their initial charge state with negligible
energy losses. The conservation of the charge state was surprising as it is a well-known
fact that HCIs are neutralized when scattered by glancing incident to a surface [34].
Experimental results [35,36,37,38,39,40] and theoretical simulations [41,42] helped to
understand guiding phenomenon in detail.
Referring to Stolterfoht et al., [7] using a linear model the charge patch potentials
can be described. The current into the capillary Jin is the sum of current absorbed at the
capillary wall Ja and current propagated through the capillary Jp. Current absorbed at the
capillary wall Ja is due to the bulk and surface conductivity.
Jin = Ja + Jp ……..………….……………….… (2)
The propagated current can be assumed to be proportional to the charge Q deposited on the
capillary wall. Capillary surface charging and beam propagating through the capillary are
time dependent processes so if the time constant associated with capillary charging is τp,
Jp(t) = Q(t)/τp …..………………………………. (3)
Likewise, assuming the constant conductivity of PET and time constant due to capillary
discharging,
Jd(t) = Q(t)/τd ….………………………………. (4)
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From Eqs. (2), (3) and (4),
dQ(t)
1
1
= Ja − Jd = Jin − ( + ) Q(t) … … … … … … … . . (5)
dt
τp τd
Then considering the time constant for capillary charging to be τc = (1/τp+ 1/τd)-1. Then the
Eq. (5) can be arranged as a first order differential equation,
dQ(t)
+ τc Q(t) − Jin = 0 … … … … … … … … … . . (6)
dt
The solution of Eq. (6) is,
Q(t) = Q∞ [1 − exp (−

t − τs
)] … … … … … … … … … (7)
τc

where the final charge is Q∞ = Jinτc and τs is the time delay for the ion transmission. So the
charging function can be interpreted as,
𝑓(𝑄)𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 = 1 − exp (−

𝑡 − 𝜏𝑠
) … … … … … … … … … (8)
𝜏𝑐

On the other hand, if the beam is switched off after a time to, discharging will follow the
exponential decay curve as,
𝑓(𝑄)𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 = exp (−

𝑡 − 𝑡𝑜
) … … … . … … … … … … (9)
𝜏𝑑

Eq. (8) and (9) were introduced by a linear model and the experimental results were
reported to slightly disagree with the theory [36]. Also, it was found that the charge-up
scales with the deposited charge rather than with the time. The total charge deposited Qd is
tIp, characteristic charge Qc is τcIp, the threshold charge Qs is τsIp, characteristic discharge
Qd is τdIp, and the charge deposited after time to Qo is τoIp. Then Eqs. (8) and Eq. (9) can
be rewritten as Eq. (10) and Eq. (11), respectively.
𝑓(𝑄)𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 = 1 − exp (−
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𝑄𝑑 − 𝑄𝑠
) … … … … … … … … … (10)
𝑄𝑐

𝑓(𝑄)𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 = exp (−

𝑄𝑑 − 𝑄𝑜
) … … … . … … … … … … (11)
𝑄𝑑

The intensity of the transmitted ions depends on the perpendicular ion energy E┴ as
shown in Fig. 1. If the incident beam direction ψ is measured with respect to the direction
parallel to the capillary surface the incident beam energy Ep can be written as Eq. (12)
taken from Eq. (1),
E┴ = Ep sin2ψ …………………………….. (12)
The incoming ion charge q and the potential caused by the deposited charge on the
insulating surface will produce a potential energy of qU. If the perpendicular energy is
larger than qU (E┴ > qU) the incoming ions can be lost into the bulk; if not, the incoming
beam can be deflected by the surface potential. For the incident beam to be guided, E┴ <
qU needs to be satisfied. Monte Carlo simulations have shown that initially the incident
ions are deposited mainly in the entrance region of the capillary forming a primary charge
patch [41] as shown in Fig. 2(a). The capillary surfaces (inlet and outlet) were coated with
conducting paint (gold) to avoid macroscopic charge up of these surfaces. Inside the
capillary, near to the capillary entrance the potential was found to be continuously
increasing (monotonically) on one side of the capillary with respect to the other side of the
charge patch. Furthermore, the charge patch at the entrance region produces an electric
field component perpendicular to the capillary axis and due to that potential the incoming
ions are directed to the opposite wall (opposite to charge patch) near the exit region where
by a secondary charge patch is produced as shown in Fig. 2(b). When the charge at the
entrance patch further increases, the position and strength of secondary patch changes and
a third patch is produced as shown in Fig. 2(c). Depending on qU of the first and secondary
patches the beam direction will change as shown from Figs. 2(a) to (b) to (c). Then the ion
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deposition is slowed and the charge patch reaches equilibrium, at which point the current
is discharged into the bulk due to the material conductivity. Furthermore, the magnitude of
the entrance charge patch is independent of the input current [36,39]. At equilibrium as
shown in Fig. 2(d) the secondary patch loses importance. At the exit of the capillary
defocussing and broadening the transmitted angular profile [7,43] was observed.

(a)

ψ

(b)

ψ

(c)

ψ

(d)

ψ

Figure 2: Scenario of charge patch formation inside an insulating nanocapillary. In
panels (a,b,c) the dynamic period of the charge evolution and transmitted beam
oscillations with respect to the incident beam are shown, where the black areas inside
the capillary indicate charge patches and ψ is the tilt angle. In panel (d) the charge
patches at equilibrium of the charge evolution are shown.

Returning to the theoretical explanation by comparing the charge deposition on
insulator surface to a behavior of capacitor with capacitance C the deposited charge can
interpreted as the product of capacitance times charge amount [35],
𝑄 = 𝐶𝑈 =

𝐶𝐸𝑝 𝑠𝑖𝑛2 𝜓
… … … … … … … … … … … … … … (13)
𝑞

Then, the following equation for the propagating current fraction (fp) was obtained [38,39],
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where fgo = f(o) is the fraction of ions transmitted at ψ = 0o. At equilibrium the fraction of
transmitted ions generally decreases with increasing tilt angle ψ.
fp = Jp/Jin …………………………………. (14)

fp (t) = fgo exp (−

CEp
Ep
sin2 ψ) = fgo exp (−
sin2 ψ) … … … … . (15)
qQ(t)
qU

The guiding power is defined as the capability for insulating capillaries to direct
charged particles along the capillary axis. The fraction f of transmitted ions depends
exponentially on Ep and ψ which can be calculated from the above Eq. (15),
f(ψ) = f(0) exp [−

Ep
sin2 ψ] … … … … … … … . (16)
qU

According to Eq. (12) f(ψ) decreases exponentially with the square of the sine of the tilt
angle ψ, and the experimental results can be well fitted by a Gaussian-like function. The
guiding power can be represented by a characteristic guiding angle ψc. The value of ψc
represents the angle at which the transmitted intensity falls to 1/e of its value at ψ = 0 o as
f(ψc)/f(0) = 1/e [38,40,42]. Generally the tilt angles are small angles to consider so that
sin(ψ) ≈ ψ. For further analysis the experimental fraction of transmitted ions was fitted by
a Gaussian-like function as follows [37],
sin2 ψ
ψ2
f(ψ) = f(0) exp [−
] ≈ f(0) exp [−
] … … … … . (17)
sin2 ψc
ψc 2
f(ψc )
ψ2
= exp [−
] … … … . . … … … … … . . (18)
f(0)
ψc 2
Since the intensity falls off as exp (-ψ2) the characteristic guiding angle for ions can
be found from the slope of the ln(Intensity) vs. ψ2 graph. The experimental ψc value for
HCIs will be presented in Chapter IV.
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Comparing Eq. (16) and (18),
sin−2 ψc ≈ ψ−2
=
𝑐

Ep
qU

………..……………….. (19)

From Eq. (19) it follows that the guiding angle ψc increases with the charge in the entrance
patch (qU) and decreases with increasing incident ion beam energy (Ep). This indicates that
the guiding power is mainly governed by the ability of the capillary material to store
charges in the entrance charge patch [37].
Furthermore, the depth of the guiding potential can be estimated from the width of
the angular distributions of the transmitted ions. From Eq. (13) it follows that the full-width
at half-maximum (FWHM) of the angular distribution (Γangular) is as follows [35],
𝑞𝑈

Γangular = 2√ 𝐸 𝑙𝑛2 … … … … … … … … … … … … … … (20)
𝑝

As mentioned earlier, evidence of ion beam guiding through insulating nanocapillaries is
that the observation angle θ coincides with tilt angle ψ and the FWHM is independent of
tilt angle. From Eq. (20) it can interpreted that for a given charge state q and incident energy
Ep the angular FWHM remains constant and does not depend on the tilt angle.
The above described capillary guiding is focused on insulating foils with randomly
distributed capillaries. Microcapillaries can be produced as single capillaries, so studying
the characteristics of beam transmission is easier than studying the transmission through
nanocapillaries, which consist of arrays of capillaries. Also, microcapillaries have shown
promising results of focusing beams down to the nanometer scale [18], along with
increasing the output beam density and the ability to change the beam direction without
using magnets.
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Guiding of slow highly charged ions through insulating microcapillaries
An experimental study of 4.5 keV Ar9+ through a single cylindrical glass capillary
with microscopic sizes has shown that self-organized charge-up is possible inside
microcapillaries even with tilted capillaries up to angles of ±3o with respect to the incident
beam [11,44,45]. The observation angle of the transmitted beam was found to depend
linearly on the tilt angle of the capillary, providing clear evidence of the guiding process.
In the time (charge) evolution an exponential increase of transmission, which follows Eq.
(7), i.e.,1-exp(-(t-τs)/τc), where τc is the characteristic charging time, τs is the time delay for
the ion transmission and t is time, was observed before leveling off at equilibrium, giving
rise to a constant transmission [11,45].
Also, the above described guiding phenomena were tested and validated in the
transmission of 230 keV Xe23+ [12,46] ions through insulating tapered glass capillaries of
microscopic dimensions. In that work a sudden rise was observed after the beam was put
into the capillary and was attributed to the buildup of the primary charge patch at the
capillary entrance, followed by a decrease of the transmission attributed to deposition of
more charges to support beam deflection. After that the transmission continuously
increased, which was attributed to sequential charge patch formation which was described
above using Fig. 2. This charge patch formation was confirmed by the observed oscillations
of the position of the beam, the same as the behavior observed by other groups for
polycarbonate [40], PET [47] and SiO2 nanocapillaries [10]. In the above mentioned
transmission of 230 keV Xe23+ through tapered glass capillary [46], the characteristic
charging constant was found to be 100 minutes (120 nC) which is quite similar to that of
transmission of 3 keV Ne7+ through PET which was reported as 100 nC. These results
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indicate the amount of charge deposited depends on the material (glass vs. PET), geometry
(tapered vs. straight), dimension (μm vs. nm) and tilt angle.
Transmission of MeV ions and technical applications
In the above discussion slow (keV) ion interaction and transmission was discussed.
For MeV ions the interaction between energetic ion beams and a solid surface depends on
parameters such as surface geometry and incident ion beam energy [23]. Also, ions can
scatter elastically or inelastically from Rutherford scattering. Furthermore, the ions that
approach closer to the target nuclei can lose significant amount energy by interacting with
inner-shell electrons. Ions with keV (slow) energies transfer their energy primarily to the
surface of the sample. These ions cannot implant deeply into the material. Therefore, slow
HCIs (keV) only have an ability to modify the surface. Fast HCIs (MeV) can penetrate
deeper into the material and can be applied to both surface and bulk material modifications.
In the case of MeV protons or He ions, these ions can penetrate up to 100 µm in liquid
which is same as the size of a living cell. A microsized beam is always needed to study
microsized areas of materials. Using microcapillaries as new optics to produce microsized
beam was utilized as follows.
Focused microbeam
Soon after the guiding effect through PET nanocapillaries was found [7], the
focusing effects of glass capillary optics for MeV He ion beams were studied [13] utilizing
a tapered glass capillary with inlet/outlet diameters of 800/3 µm and a length of 50 mm. In
this work the probability for transmission without significant energy losses was found to
be ~1%. However, it was observed that MeV ions are reflected by the inner wall several
times in a process similar to surface channeling. Energy losses corresponded to multiple
15

reflections with the glass wall or for ions that penetrated through the wall at the exit of the
capillary. The majority of the existing microbeam facilities are based on a combination of
electromagnetic or electrostatic focusing lenses [48]. Compared to those facilities, the
method using tapered capillaries is much simpler to use and lower in cost.
Microbeam for biological cells
Microsized MeV beams for biological applications have been studied by several
groups. Earlier, a well-focused energetic ion beam was extracted into air via a vacuum
isolation window and then it was injected into a biological cell in water [49,50,51]. In
another method, energetic ions were transmitted through a micron aperture system with or
without a thin window at the end of the capillary [52]. In both of these methods, irregular
energy and asymmetric angular variations, which deteriorate the beam quality and
introduce a lower limit on the beam size at the target, were noted before the beam reached
the target. To overcome these difficulties, a tapered glass capillary with a thin end window,
made from polystyrene with a thickness of 1–2 μm, for ion focusing and extraction was
introduced by Ikeda et al. [53]. The target point can be observed with an accuracy of a
micron in a living cell or in any liquid object by using these capillaries. As an example, a
real biological cell (the nucleus of a HeLa cell) was bombarded by a microbeam of 1 MeV
protons transmitted through a tapered glass capillary [54] and after the irradiation, a dark
spot on the utilized nucleus was observed with a 4 μm diameter and 4 μm of depth. These
results showed that a volume with subcellular resolution can be irradiated with a tapered
glass capillary.
Spectroscopic application
A microprobe is an instrument that applies a stable and well-focused beam of
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charged particles (ions or electrons or ions) to a sample. A technique to introduce PIXE
(particle induced x-ray emission) analysis of various samples that are not compatible with
the vacuum environment was introduced by Nebiki et al. [55]. In this work the tapered
glass capillary worked as a differential pumping outlet and as a focusing lens. The exit of
the capillary and the x-ray detector were placed only ~1 mm and ~2 cm away from the
sample, respectively. In the experiment the flux intensity was enhanced by one order of
magnitude due to the focusing effect of the capillary.
Also, in an earlier work tapered glass capillaries were used to produce microbeams
for nuclear reaction analyses (NRA) [56]. To obtain a ~0.1 μm size beam spot a tapered
glass capillary and a quadrupole magnetic lens were utilized. A microbeam NRA system,
using the resonant nuclear reaction 1H(15N,αγ)12C, was developed for the purpose of 3D
mapping the hydrogen distribution in solids. In this work a 6 MeV 15N beam focused by
tapered glass capillaries down to 50 μm successfully shows the hydrogen distribution.
With the ability of tapered capillaries to collimate MeV ion beams to as small a
diameter as ~1 μm and without using ion optical lenses, a nuclear microprobe based on a
tapered glass microcapillary was developed in 2012 [19]. The capillary tip region was
flooded by helium gas in order to reduce energy loss and scattering of the ion beam. Due
to the small gas leakage through the capillary, the beam was taken into air without any
differential pumping. So, the work by Simon et al. [19] have shown the possibility of inair STIM (Scanning Transmission Ion Microscopy) using a tapered glass capillary.
Electron beam transmission and properties
Due to a high q/m ratio for electrons compared to HCIs, electrons are more
sensitive to the electric field on the inner surface of the capillary than HCIs. For ions a
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positive charge is deposited on the inner wall of the capillaries but for electrons it is a
negative charge. The process of self-organized charge patch formation and beam
transmission for projectiles with opposite signs exhibit different transmission
characteristics. When an electron strikes a material, the interactions are classified into two
categories which are elastic and inelastic. These different types of interactions will be
discussed in this section followed by the electron beam transmission properties.
Elastic interactions
When an elastic collision occurs no energy is transferred from the incident electrons
to the sample so the scattered electron beam will have an energy equal to that of the incident
beam. The electron passes without any interaction with the sample material. Moreover,
electrons that travel more closely to the nucleus will be attracted more strongly by its
positive potential and deflected in the direction of the nucleus. In rarer cases, backscattering
can occur causing the electron to be turned around by the nucleus. These electrostatic
electron-matter interactions are treated as elastic scatterings.
Inelastic interactions
If energy is transferred from the incident electron to the sample, the energy of the
scattered electrons will have less energy than the primary incident electron beam. If an
electron passes through a material, it may be scattered elastically or inelastically in a onetime event (single scattering) or in several events (multiple scattering). The energy
transferred to the specimen can cause different events such as x rays, Auger or secondary
electron emission, ionization (valence shell ionization is always possible and K-shell
ionization is possible if the incident beam energy is higher than that of the ionization
energies), excitation and bremsstrahlung radiation.
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Secondary electron emission (SE)
Besides elastic and inelastic scattering, secondary electrons can be produced when
a solid is bombarded with an electron beam. Inelastic electron matter interactions can lead
to the ejection of secondary electrons [57,58].The formation of SEs and their escape occurs
in three independent steps: (1) production of free electrons by kinetic impact from the
primary beam energy, in which the electrons located in the valence or conduction band
need only the transfer of a small amount of energy to overcome the work function and to
be freed, (2) transport of the freed electrons towards the surface, and (3) escape of the
secondary electrons from the solid surface [59]. According to Shih et al., [60] the energy
dependent SE yield curve is bell shaped. As an example, for molybdenum the maximum
SE yield was reported to occur at 490, 520, 550, 580 and 660 eV for incident angles
measured with respect to the normal of 0, 22, 40, 50 and 60o, respectively. Furthermore,
the penetration depth R of the primary electrons increases with increasing energy for the
particular material with according to Eq. (21), where the penetration depth R (in µm) is
dependent on primary beam energy Ep (in keV) and material density ρ [61]. Thus,
secondary electron emission not only depends on the incident beam energy but also the
incident angle, surface structure and density of the material. When the primary beam
energy increases free electrons originate deeper in the bulk and are not likely as to be
emitted as SEs. At low primary energies only a few free electrons are created, but the freed
electrons have a higher probability of escaping as SEs as the penetration depth is small
[60].
1.5

0.1( Ep )
R=
ρ
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… … … … … … … . … … … … … . . (21)

The total electron emission from electron beams interacting with solid surfaces is
the sum of secondary electrons and backscattered electrons. The total electron emission
coefficient σ is the sum of the secondary electron coefficient δ and the backscattered
electron coefficient η.
σ = δ + η … … … … … … … … … … … … … … … … . . (22)
The standard emission curve (graph of δ vs. incident beam energy) for initially
uncharged materials shows that the secondary electron yield δ increases with increasing
incident beam energy, reaches a maximum at 500 eV and then decreases. Insulator charge
up is complex and models such as the dynamical double layer model (DDL) [62] and selfconsistent flight-drift model (FDM) [63] were introduced by several groups.
Differential cross section
Electron scattering can also be described by the interaction cross section σ or by
the mean free path λ. The mean free path is average distance traveled by an electron
between successive impacts. The total interaction cross section σT is the sum of the elastic
σelastic and inelastic σinelastic components, i.e,
σT = σelastic + σinelastic …………………………. (23)
To understand how scattering takes place in solids Monte Carlo simulations can be
performed [64]. This is a statistical method using random numbers for calculating the paths
of electrons. The probability of scattering is taken into account by the program code, as
well as important parameters like voltage, atomic number, thickness, and the density of the
material. Although such calculations give rather rough estimates of the real physical
processes, the results describe the interaction and, in particular, estimate the shape and size
of the interaction volume [64].
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Electron transmission through nano- and microcapillaries
In the case of electron beams, the study of 200-350 eV [65] and 2-120 eV [66]
electrons incident on Al2O3 nanocapillaries showed transmission without measureable
energy losses. In a recent joint theoretical and experimental study for Al2O3 nanocapillaries
with 250 eV electrons [67], multiple small-angle scattering accompanied by significant
energy losses and secondary electron emission were concluded to dominate the
transmission. In another study, energy losses were found for the transmitted electrons in
addition to elastic transmission for 500 and 1000 eV electrons through PET nanocapillaries
[68,69,70] and for 300, 500 and 1000 eV electrons incident on a straight glass
microcapillary [71,72]. The study for electron transmission through microcapillaries was
first started with single straight glass capillaries [71] and later tapered glass capillaries were
also utilized [73,74]. The significant energy losses showed that electrons suffer one or more
close collisions with the inner walls before being transmitted. At the same time, an elastic
component (no energy loss) of the transmitted beam was observed apparently due to
Coulomb-deflected electrons from charge patches. These works concluded that both the
elastically and inelastically transmitted electrons were guided through the capillaries.
Furthermore, in the work of Dassanayake et al. [71,75], it was argued that electrons can
scatter elastically from atoms close to the surface and be transmitted if the incident energy
is low enough (< 500 eV). For higher incident energies (> 500 eV), the majority of electrons
penetrate further into the bulk of the capillary and lose energy due to ionization or
excitation of the atoms in glass. If the escape depth from the bulk is sufficiently small,
electrons can still be transmitted through the capillary inelastically, but, if not, the electron
is lost within the bulk.
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Time dependence (charge) studies with the PET capillaries [76,77] for 500 eV
electron beams through PET capillaries revealed no transmission when charge was first put
onto the foil even when the capillary was tilted with respect to the incoming beam direction.
It was shown that the entrance of the capillary becomes negatively charged so that
transmission is initiated by deflection from the charge patch. The time (charge) dependence
with straight capillaries exhibited a series of sudden decays which were attributed to
discharges of the negative patch deposited within the capillary entrance region.
To understand the difference between ion and electron transmission phenomena, a
theoretical study for capillary charging by electrons was done [78,79] using 500 eV
electron beams incident into PET capillaries. These studies concluded that electron guiding
is not due to a self-organized charge patch formation that occurred for ion beam
transmission. Instead, it was found that when electrons strike a solid, the electrons penetrate
into the bulk and experience many small angle (forward) scattering events. As the electrons
travel through the bulk, they occasionally undergo large angle scattering events
(backscattering). However, more evidence of experimental results of electron transmission
through nano- and microcapillaries is needed to understand the electron transmission
scenario.
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CHAPTER III
EXPERIMENTAL SETUP AND PROCEDURES
In this chapter the experimental setup, the utilized sample, the measurement
procedures, the electronics and the acquisition methodology for data collection in terms of
energy, angular and time (deposition of charge) dependence will be described in detail. The
measurements were performed in the tandem Van de Graaff accelerator lab in the
Department of Physics at Western Michigan University, however, the accelerator was not
used for the measurements.
Experimental setup

Figure 3: Schematic diagram of the experimental setup (top view) where ,  and ϕ are
the tilt angle, observation angle and azimuthal angle, respectively. The angles  and 
were measured with respect to the incident beam direction.

A schematic diagram of the experimental setup is shown in Fig. 3.1. An electron
gun was used as the source to produce electrons. Apertures at the electron gun exit along
with two additional apertures were used to collimate the beam before reaching the
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goniometer. A goniometer was used to mount and rotate the capillary sample. An
electrostatic parallel-plate analyzer coupled with a channel electron multiplier (CEM)
(indicated as the spectrometer in the figure) was used as the detector to determine the
energy and to count the transmitted electrons. These components were fixed inside a
scattering chamber that had a background pressure of ~10-6 Torr. A μ-metal shield was
used to minimize external magnetic field effects inside the chamber.
Capillary samples
Two funnel-shaped tapered glass capillaries were used in the experiment. The
dimensions of the capillaries are shown in Table 1 These capillaries were prepared by Dr.
Tokihiro Ikeda at the Riken Laboratory in Tokyo, Japan. The capillaries were made by
heating the middle section of a straight glass tube and stretching the ends simultaneously
as shown in Fig. 4(a). An actual picture of the equipment used to fabricate the capillaries
is shown in Fig. 4(b). After stretching the capillary, the end of the capillary was cut using
a gallium beam. In order to obtain a small exit diameter the capillary was kept longer and
for a larger opening at the exit the capillary needs to be shorter in length. As listed in Table
1 the capillaries utilized were kept the same in overall length by shortening the straight part
of the capillary A. More details about the capillary shape will be discussed later.
Table 1: Dimensions of the capillary samples
Capillary
Dimensions
Inlet diameter
Outlet diameter
Length
Aspect ratio

A
0.7 mm
0.016 mm
35 mm
98

24

B
0.8 mm
0.1 mm
35 mm
78

(a)

(b)

Figure 4: (a) Schematic diagram of heating the middle section and stretching the ends of
a straight glass tube to produce a tapered glass capillary (b) actual picture of a stretching
device at the Narishige Co. Ltd., Riken, Japan.

The utilized capillaries were made of borosilicate glass (80.9% SiO2, 12.7% B2O3,
2.3% Al2O3, 4.0% Na2O, 0.04% K2O). The funnel-shaped capillaries are relatively simple
to make from glass because of the softening point of ~821°C. Also, low thermal expansion
and the high working temperature (~240o C) make glass a good candidate to study the
electron transmission. Some important properties of glass are listed in Table 2.
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Table 2: Properties of Borosilicate glass [80]
Property

Value

Density

2.23 g/cm³

Coefficient of thermal expansion

3.3 × 10−6 /˚C for 20˚C–300˚C

Thermal conductivity

1.14 W/m˚C at 20 ˚C

Band gap

2-3 eV

Volume resistivity

1017 Ω m

Electrical resistivity

~1016 Ω cm

Electrical breakdown

200 kV/cm at 300 ˚C

Melting/softening point

440–840 ˚C

Maximum working temperature

550 ˚C

In Fig. 5(a) a photograph of the funnel-shaped microcapillary (sample B) used in
the experiment and in Fig. 5(b) a schematic of the capillary with dimensions are shown.
Capillary A follows the same shape with different inlet and outlet dimensions. As shown
in Fig. 5(b), in the inlet region the capillary diameter (0.80 mm) remains constant for a
length of 22 mm with a straight shape. Then, over a length of 5 mm, the diameter decreases
from 0.80 mm to 0.16 mm with a funnel shape followed by a conical shape with the
diameter changing from 0.16 mm to 0.10 mm over a length of 8 mm. The aspect ratio of
the capillary was calculated to be ~78 (= 35 mm/[(0.80/2 + 0.1/2)] mm). The entrance
surface (facing the incident beam) of the capillary and its holder were coated with
conducting silver paint in order to carry away excess charges to prevent charge up of the
entrance and to measure the current on it.
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(a)

(b)

Figure 5: (a) Actual photograph and (b) schematic diagram with dimensions of the
capillary. The shape of the capillary goes from a straight section through a funnel
(exponential) shape over a short distance followed by a longer conical shape.

Data acquisition system
A block diagram of the electronics used for the experiment is shown in Fig. 6. A
BiRa Systems 6700-SCB (CAMAC) Computer Automated Measurement and Control
power crate was used for data acquisition and to control the equipment [69,75]. A Highland
Technology M210 CAMAC Serial Crate Controller was used for data exchange between
the PC and the instruments in the CAMAC. In the following sections the function of the
data acquisition system and experimental modules will be discussed in detail.
Electron gun
An electron gun (electron emitter) is an electrical device used to produce a narrow,
collimated electron beam with a precise kinetic energy. Electron guns are used in cathode
ray tubes (older television sets, computer screens and oscilloscopes) and also in technical
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instruments such as electron microscopes (scanning and transmission) and particle
accelerators. Electrons guns may be classified by the type of electric field generation (direct
current or radio frequency), by the emission mechanism (thermionic, photocathode, cold
emission or plasma source), or by the focusing (electrostatic or magnetic) mechanism.

Figure 6: Block diagram of the electronics used for the data collection.

In this experiment a direct current, thermionic, electrostatic electron gun was
utilized. It was made in-house from several components as shown in Fig. 7. A
commercially available tungsten filament (~20-50 W, 6V) was used as the source of
electrons of desired energy by biasing the filament to create a stream of electrons from
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thermionic emission. The filament is connected to a high voltage supply to give the desired
electron energy and the two ends of the filament are connected to an isolation transformer
to maintain ~6 V difference across the filament while having the desired voltage on the
terminals. The filament is located inside a Wehnelt cylinder (an electrode) to condense the
cloud of electrons produced by the filament. The Wehnelt cylinder (connected to a high
voltage supply), the focus electrode (high voltage) and the electrode at the capillary exit (0
V) act as an Einzel lens. The large voltage between the Wehnelt cylinder (cathode) and
electrode at the capillary exit (anode) accelerates the electron beam. At the e-gun exit
vertical and horizontal plates are used for x and y steering of the beam.

Figure 7: Schematic diagram of the electron gun used in the measurements.

Collimator assembly and beam divergence
As shown in Fig. 3 and Fig. 8 the beam was collimated through a 1.1 mm aperture
at the exit of the e-gun. Additional collimation consisting of two apertures of sizes 1.5 mm
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and 2.0 mm separated by 10 mm were used (shown in Fig. 3 and 8). The 1.5 mm defining
collimator was located 118 mm or 125 mm downstream, respectively, of the e-gun for the
two experiments with capillaries A and B (In Fig. 8 the assembly for capillary B is shown).
The collimator used could be moved vertically and horizontally to position it for the
purpose of alignment with the beam.
As shown in Fig. 8 the maximum and minimum beam divergence (Γdivergence) can
be found from the geometry of the setup as follows. Since the 1.5 mm collimator is the
limiting collimator, using the dimensions shown in Fig. 8(a), the maximum divergence can
be calculated as follows,
(125 − x)⁄
1.5⁄
x … … … . . … … . … … … … … . . (24)
1.1 =
Then, x = 53 mm, so the maximum  can be found from Eq. (21),
1.5⁄
2 ) ≈ 0.60o … … … … . . … … … … … … … . (25)
(
125 − 53
This implies the maximum divergence of the beam is ≈ 0.60o. The minimum divergence
can be calculated similarly from Fig. 8 (b) and is given by,
tan

−1

1.5⁄
2) ≈ 0.34o … … … … … … … … . … … … (26)
(
125

From the maximum and minimum divergences an average value can be calculated and
these values for the distances 118 mm and 125 mm are equal to 0.49o and 0.47o for the
experimental setups for capillaries A and B, respectively. So, for both setups with
capillaries A and B, the beam divergence will be considered as ~0.5o.
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(a)

(b)

Figure 8: (a) Maximum and (b) minimum beam divergences for the setup for
Capillary B. The diameters of the apertures and distances between them are shown.

Goniometer
The capillary was mounted on a goniometer with two degrees of rotational freedom
for precise positioning: the tilt angle  rotation about a vertical axis from -20o to +20o and
an azimuthal rotation  about a horizontal axis from 0o to 360o. A diagram of rotation
angles is shown in Fig. 9. The goniometer was placed 178 mm and 185 mm from the e-gun
exit for the capillaries A and B, respectively.
The goniometer was connected to a control unit in order to rotate the sample using
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a LabView program. As shown in Fig. 6 the capillary was connected to a programmable
electrometer (Keithley 617) to measure the current on the sample. The Keithley meter
provides a 0-2 V output signal that is linear to the intensity of the sample current. This
voltage output was converted to a current by dropping it across a 1 MΩ resistor. Then, this
current was sent to a Digital Current Integrator (Brookhaven 1000), and the digital TTL
pulses (~+5 V) obtained from the current integrator were then sent to a Gate and Delay
Generator (Ortec 416) to convert the TTL signal into a NIM signal. The NIM signal was
then sent to channel 2 of the scalar as shown in Fig. 6.

Figure 9: Diagram of the two degrees of rotational freedom of the goniometer.

Spectrometer
As shown in Figure 6 the spectrometer was connected to a stepper motor and a
positioner. The stepper motor was controlled by a Stepper Motor Controller (Joerger SMCR). The positioner was connected to an Input Register (Joerger CS-5) to provide a feedback
of the exact position of the spectrometer. The voltage on the spectrometer was measured
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by a Digital Multimeter (DMM). The DMM and the electrometer were monitored using
the protocol system General Purpose Information Bus (GPIB-3388). The required voltage
on the spectrometer plates was supplied by a LeCroy 2415 High Voltage Power Supply
[75].
As shown in Figure 10 the spectrometer was constructed with a 45o plane mirror
analyzer which deflects incoming electrons by 90o towards the channel electron multiplier
(CEM) for the particular voltage on the spectrometer. The spectrometer had the freedom
to rotate about the vertical rotational axis of the goniometer with respect to the incoming
beam from θ = -30o to +30o.
The energy E of the transmitted electrons was determined by the voltage applied to
the spectrometer plates.
𝑒𝑉
… … … … … … … … … … … … … … … … … . . . (27)
𝑘

𝐸=

where k, the spectrometer constant, is determined from the geometry of the spectrometer
and given by,
𝑘=

𝑍
2𝑙

… … … … . … … … … … … … … … … … … … … (28)

Here Z is the separation between the entrance and exit slits (center to center) and l is the
plate separation as shown in the Fig. 10. The spectrometer used in the experiment had a
spectrometer constant of k = 0.6. The energy resolution (R) of the spectrometer is given
by,
𝑅=

∆𝐸
𝐸

=

2𝑆
𝑍

= 3% … … … … … … … … … … … . . … (29)

where ΔE is the energy spread of the transmitted electrons and S is the width of entrance
and exit slits. The energy resolution of the spectrometer used is 3%.
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Figure 10: Schematic diagram of the spectrometer and the CEM (channel electron
multiplier) used. The back plate of the parallel-plate spectrometer was negatively biased
to measure the energies of the transmitted electrons through the sample, while the front
plate was grounded.

By supplying the desired voltage (-kE) to the back plate of the spectrometer, using
the LabView® program [81], only electrons of the corresponding energy are then deflected
by 90o and sent towards the CEM. The first grid at the exit to the spectrometer is given the
same voltage as the back plate to prevent low energy electrons from entering the
channeltron and the second grid is grounded. An electron energy spectrum can be obtained
by stepping the back plate voltage, and allowing electrons with different energies to enter
the CEM as the back plate voltage varies. Transmitted electrons passing through the grid
just in front of the CEM were then counted.
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Channel electron multiplier (CEM)
An electron multiplier is a vacuum tube structure that multiplies incident charges
striking it [82]. When a single electron bombards a vacuum tube wall, secondary electron
emission causes one to three electrons can be emitted. If an electric potential is applied
between the first metal plate and second one, the emitted electrons will accelerate to the
second metal plate and induce more electrons. This can be repeated a number of times,
resulting in a large shower of electrons collected by a metal anode that has been triggered
by just one. The CEM used in the experiment was a Burle® model 4821 [83], which had a
gain of ~1.0×108. The cone of the CEM was biased to +200 V at the entrance for initial
acceleration of the electrons and to +2600 V at the tail for optimum detection efficiency.
The required voltage to cone and tail of the CEM was provided by an Ortec high voltage
supply (659) and Tennelec High Voltage supply (TC-950), respectively.
Signals from the CEM (NIM signal) were amplified ~200 times to a voltage of ~2
V by a fast amplifier (FTA 410). The amplified signal was then fed into a constant fraction
discriminator (CFD Ortec 463) to cut off electronic noise. The threshold level of the CFD
was set to ~0.5 V to remove noise below this level. The NIM logic output from the CFD
was then sent to channel 0 of the scaler (LeCroy 2551) to be read by the computer. Then
corresponding electron energy spectra normalized with respect to the current on the sample
(scalar channel 2) were generated from the PC.
Data collection method for the angular, energy and time dependence
Before collecting the angular dependence data for electron transmission, the “zero
position” of the sample with respect to the incoming beam direction was found by varying
the tilt angle ψ, azimuthal angle , and spectrometer (observation) angle θ in small steps
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until maximum transmission of electrons through the capillary was obtained. Then these
three angles were redefined as the zero position. ( =  =  = 0o).
The data were taken after allowing about 3-4 hours to reach equilibrium by
irradiating the capillary with the beam, under the assumption that the transmission will
reach the steady state for the particular tilt angle  that was to be measured. The analyzer
(observation) angle θ with respect to the capillary axis was varied in small steps (0.1o < ∆θ
< 0.3o) to collect the transmitted spectra, keeping  constant. The process was repeated for
each tilt angle at all the incident energies for both capillaries.
The transmission of 500, 800, and 1000 eV electrons through sample A and 500
and 1000 eV through sample B was investigated. Those energy values were chosen from
voltage values set by the e-gun power supply, and the actual emitted electron beam energies
were found to be little higher than the set values. In order to choose the necessary channel
(energy) range the transmitted data were collected for a longer time for a respective tilt
angle. The energy range of interest can be chosen from the resultant spectra. As an example,
for the capillary B at 500 eV and 1000 eV for ψ = -2o, the data were collected for channels
0 to 540 eV and 0 to 1062 eV, respectively, to give the energy spectra shown in Fig. 11.
Then, as observed the transmission started from 300 and 600 eV for primary beam energies
of 500 eV and 1000 eV. Hence, the measured channels for 500 eV and 1000 eV were
selected as 300 to 540 eV and 600 to 1062 eV, respectively. The same procedure was used
to choose the channels for all the energies measured for both capillaries at each tilt angle.
Both funnel-shaped glass capillaries, which were introduced earlier in this chapter,
were used for the time evolution measurements. Before the time measurement collection
mode, angular dependent data were taken by varying the analyzer angle θ in small steps to
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collect the transmitted spectra, while keeping the tilt angle  constant. After determining
the angular behavior of the transmission, the analyzer (spectrometer) was moved to the
desired position θ and fixed for the given tilt angle ψ. In order to measure transmission
along the geometrical capillary axis, the spectrometer was placed at the centroid
observation angle (θ ≈ ψ) where the transmitted intensity was maximum for a particular ψ.
The beam was then blocked and the sample was allowed to discharge for more than 12
hours before starting the collection mode of the time evolution data.

Figure 11: Measured electron energy spectra for 500 eV and 1000 eV for 27 cycles at an
arbitrary tilt angle for capillary A. The desired channels for 500 eV and 1000 eV were
selected as 300 eV to 540 eV and 600 to 1062 eV, respectively, as shown in blue.
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CHAPTER IV
ENERGY AND ANGULAR DEPENDENCE
In this chapter the energy and angular dependences of electron transmission through
the capillaries with an outlet size of 16 µm (Capillary A) and an outlet size of 100 µm
(Capillary B) will be presented. The study was carried out for incident beam energies of
500 eV, 800 eV and 1000 eV for capillary A and energies of 500 eV and 1000 eV for
capillary B for different tilt angles as explained in the experimental section.
Electron beam transmission via the capillary with outlet size 16 µm
Energy dependence of the transmission for 800 and 1000 eV
Significant intensities of the transmitted electrons through the capillary were
observed up to ψ = -0.4o for both 800 and 1000 eV, while for 500 eV a considerably smaller
transmission was observed and will be discussed later in this section. The respective beam
fluxes are given in Table 3. The negative sign on the ψ values comes about because of the
arbitrary assignment of positive and negative angles as mentioned in chapter III, with the
goniometer having a tilt angle rotation of -20  ψ  +20.

Table 3: Beam fluxes for 500, 800 and 1000 eV for each studied tilt angle for the capillary
with outlet diameter of 16 µm (Capillary A).
Tilt angle  (deg.)

Beam flux (pA/mm2)
800 eV
1000 eV

500 eV
0.0

280

890

950

-0.1

--

--

1000

-0.2

--

640

740

-0.3

--

--

660

-0.4

--

550

560
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Transmitted Intensity (actual electron counts)
Figure 12: Measured electron energy spectra (a) for 800 eV and (b) 1000 eV for five
cycles at  ≈ . The respective beam fluxes are given in Table 3. The red solid curves
show the energy spectrum obtained for electron emission by an incident beam with no
sample in place (bare filament) normalized to each spectrum.

The electron energy spectra with the highest transmission intensities obtained at
particular tilt angles for 800 eV over the channels 700-850 and for 1000 eV over the
channels 950-1050 incident energies are shown in Fig. 12(a,b). The red solid curves in the
energy spectra were obtained for electron emission from the beam without the capillary in
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place (bare filament) normalized to the spectra for   0°. As seen for 800 eV at ψ = θ =
0o the red curve coincides with the transmitted beam spectra (in black), indicating elastic
transmission (no energy loss). For the other tilt angles (ψ = -0.2o, -0.4o) the red and black
curves do not coincide with each other over the entire range, with data points having a tail
showing energy losses (inelasticity) in the transmission. For 1000 eV up to  = -0.4°,
elastic transmission was dominant but data were unfortunately not taken for lower energies
(<950 eV) so no conclusion can be made about energy losses for this incident energy.
However, it is likely there were also some energy losses and the reason for observing these
losses will be described later in this chapter.
Angular dependence of transmission for 800 and 1000 eV
The angular distributions for the transmitted electron spectra for 800 and 1000 eV
were studied. As explained in chapter III the data were collected at every tilt angle ψ
measured by varying the spectrometer (observation) angle θ with respect to the incident
beam direction in steps of 0.1o. The transmitted electron spectra at each observation angle
for the respective tilt angle was integrated over the selected energy range for 800 eV (over
the channels 700-850) and for 1000 eV (over the channels 950-1050). Then the integrated
value was normalized to the input beam current. The normalized intensities were plotted
with respect to the observation angle for the particular tilt angle as shown in Fig. 13. Then
the data points (angular distributions) at each tilt angle were fit with symmetric Gaussian
functions as shown by the solid curves which are drawn through the data points. The
transmitted electron intensities show a decrease with increasing tilt angles ψ as observed
for slow HCIs [7,8,9,84] and electrons [68,69,71,75] through both nano- and
microcapillaries.
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Figure 13: Angular distributions for five cycles of the normalized integrated transmitted
electron intensities for 800 and 1000 eV. The data points were fit with symmetric
Gaussian functions shown by the solid lines. The respective beam fluxes are given in
Table 3.

Guiding ability through the capillary
The variation of the centroid spectrometer angle of the angular distribution that is
peak maximum observation angle θmax vs. the respective tilt angles ψ for 800 eV and 1000
eV is shown in Fig. 14. A linear behavior is observed as shown by the red line fit to the
data. The slight difference between the centroid observation angle and the tilt angle in the
figure is due to an experimental offset of the measured angles. This variation agrees well
with what has been reported for HCIs [7] and electron transmission [68,71] through nanoand microcapillaries.
Transmission properties for 500 eV
Here we present the angular and energy study dependence of 500 eV electrons.
Interestingly, only minor transmission was observed at the direct zero positioning (ψ = θ =
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0o) of the capillary and spectrometer. When the capillary was tilted no transmission was
observed. The spectrum obtained for 500 eV at ψ = θ = 0o after 60 cycles (about 10 h of
beam time with a flux of about 280 pA/mm2) is shown in Fig. 15. The transmission is
considerably lower (maximum intensity ~15) at the primary beam energy of 500 eV than
the secondary electron emission energy range 0-100 eV (maximum intensity ~32). The
transmission study for 500 eV was done after collecting data for 800 eV and 1000 eV and
the capillary was not discharged before collecting data for 500 eV.

Figure 14: Peak maximum observation angles θmax vs. tilt angle ψ for Capillary A with
outlet diameter 16 µm for (a) 800 eV and (b) 1000 eV. Uncertainties and equation of the
linear fits are shown in the graph.

Figure 16(a) shows the measured electron energy spectra for 60 cycles at 500 eV
for the tilt angle ψ = 0o and observation angles of  = -0.3o, -0.2o, -0.1o, 0.0o, 0.2o, 0.3o. Fig.
16(b) shows the angular distribution obtained by integrating the energy spectra of Fig.
16(a) over channels 400–600 eV after background subtraction. The full-width at half42

maximum (FWHM) was obtained from the Gaussian fitting (red curve in Fig. 15b) plotted
as a function of ψ for 500 eV by the equation Γθ = 2√𝑙𝑛2 𝜎, where 𝜎 is the standard
deviation of the Gaussian distribution. The Γθ at ψ = 0o was found to be 0.3o±0.1o which is
equal to the inherent angular resolution (~0.3o) of the spectrometer. In comparison, the
transmitted intensity for 500 eV for 60 cycles is lower than the respective intensities at 800
eV and 1000 eV for 5 cycles, which are presented above in Figs. 12 and 13.

Figure 15: Energy spectrum for 500 eV at ψ = θ = 0o after 60 cycles, representing about
10 hour of beam time with an incident beam flux of 280 pA/mm2.

Secondary electron emission (SE)
In order to understand secondary electron emission from glass, full energy spectra
for 500 eV and 1000 eV were collected, the spectra were as shown in Fig. 17. The beam
flux for 500 eV was 280 pA/mm2 and for 1000 eV it was 150 pA/mm2. The secondary
electron emission energy region was identified as 0-100 eV as shown in the insert to Fig.
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17. The fraction of transmitted secondary electrons was obtained from the ratio of
secondary electrons observed to the total transmitted intensity, giving values of 0.48 and
0.13 for 500 eV and 1000 eV, respectively, at tilt angles close to zero degrees (ψ = θ ≈ 0o).
The normalized SE yield was calculated from the ratio of secondary electrons observed to
the incident beam intensity. The calculated normalized SE yields are 4.2 x 1012 and 3.8 x
1012 for 500 eV and 1000 eV, respectively, giving SE fractions and SE yields ~10% lower
for 1000 eV than for 500 eV.

(a)

(b)

Figure 16: (a) Energy spectra for 60 cycles at 500 eV for angles  = 0.0o at  = -0.3o, 0.2o,-0.1o 0.0o, 0.2o, 0.3o. The beam flux was 280 pA/mm2. (b) Angular distribution of
integrated transmitted intensities for 500 eV for 60 cycles after background subtraction.
The data points were fit with a symmetric Gaussian function shown by the red solid line.
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Figure 17: Transmitted electron energy spectra for 500 eV and 1000 eV for the full
energy range 0-600 eV (500 eV) and 0-1100 eV (1000 eV) for the two energies at ψ = θ
≈ 0.0o.

From the present data, an increase in the SE fraction with decreasing energy was
observed. At the lower primary beam energies (500 eV), a smaller number of free electrons
are created but those freed electrons have higher ability to escape as secondary electrons,
and the secondary electron production is higher for 500 eV electron beam [60]. For the
higher energy beam (1000 eV), due to deeper penetration into the bulk, the escape of a free
electron is not as effective as it is for low energy beams (500 eV). To observe the details
of secondary electron emission from glass, this phenomenon needs to be studied by
changing the tilt angle and the energy. For HCIs transmission was mainly governed by
Coulomb repulsion from the primary charge patch close to the entrance of the capillary. In
this case, secondary electron emission enhances the charge patch formation by leaving an
additional positive charge on the surface. For electrons with a single negative charge, SE
makes the surface positively charged and decreases the strength of the charge patch
formation [42,85].
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Electron beam transmission via the capillary with outlet size 100 µm
Angular dependent data were taken after allowing about four hours to reach
equilibrium after putting the beam onto the 100 m capillary, with the assumption that the
transmission reached this condition for the particular tilt angle . The incident current onto
the capillary was kept in the range 7-30 pA for the two energies studied (500 and 1000 eV).
The observation angle θ with respect to the capillary axis was varied in small steps to
collect the transmitted spectra, keeping  constant. The process was repeated for each tilt
angle at both of the incident energies.
Elastic and inelastic contributions and guiding
Significant intensities of the electrons transmitted through the capillary were
observed up to ψ ~ -6.5o for 500 eV and up to ψ ~ -9.5o for 1000 eV. Measured energy
spectra of the transmitted electrons obtained at various tilt angles ψ = -0.4°, -1.2°, -4.0°
and -6.5° for 500 eV and ψ = -0.4°, -1.0°, -3.5° and -9.5° for 1000 eV are shown in Fig.
18. The red solid curves represent the spectra corresponding to events with no energy loss,
for which the heights were normalized to the present spectra as shown, obtained from the
incident electron beam without the capillary in place. The transmission spectra for 500 eV
at ψ = -0.4°, -1.2°, -4.0° and for 1000 eV at ψ = -0.4° show essentially the same
distributions as those of the incident beam (red curve) consisting of only elastic behavior.
For 500 eV at ψ = -6.5° and for 1000 eV at ψ = -1.0°, -3.5° and -9.5° the transmitted beam
shows considerably broader distributions indicating a substantial inelastic contribution
with a correspondingly smaller elastic contribution.
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(a)

(b)

Figure 18: Transmitted electron energy spectra for (a) 500 eV and (b) 1000 eV (nominal
energies) at selected tilt angles. The red solid curves represent the energy spectra at  =
0° for the incident beam without the capillary in place normalized to each spectrum
showing the regions of elastic behavior.

Figures 19(a-1,2,3) show contour plots at ψ = -5.0°, -3.0° and -1.0° for 500 eV and
Fig. 19(b-1,2,3) show similar plots at ψ = -9.5°, -3.0° and -0.6° for 1000 eV. The vertical
axis is the transmitted electron energy, the horizontal axis is the observation angle θ, and
the colors represent the electron counts. The horizontal white solid lines show the actual
incident beam energies of 512 eV for 500 eV and 1024 eV for 1000 eV, which were found
to be little higher than the set values due to the offset of the e-gun voltage supply.
Accordingly, throughout this thesis when the energy is listed as 500 or 1000 eV it
represents a beam of electrons with centroid energy of 512 eV and 1024 eV, respectively.
All of the peaks in Fig. 19(a-1,2,3) remain near 512 eV and hence were transmitted
elastically in agreement with Fig. 18a, implying that the electrons did not interact with the
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capillary inner wall. However, for 1000 eV at ψ = -0.6° shown in Fig. 19(b-3) the peak on
the right side is close to the energy of incident beam showing elastic behavior, while the
two left most peaks for ψ = -0.6°, as well as the peaks for the angles ψ = -3.0° shown in
Fig. 19(b-2) and ψ = -9.5° in Fig. 19(b-1), have long tails toward lower energies, suggesting
the majority of these electrons suffered inelastic scattering.
The third panel Figs. 19(c-1,2,3) shows the angular distributions for the three angles
for 1000 eV, which are the projections of Fig. 19(b-1,2,3) onto the θ axis. The vertical axes
of Fig. 19(c-1,2,3) represent the integrated intensities over the energy range 800-1070 eV
normalized to the input current. The angular distributions were fit with a superimposition
of up to three symmetric Gaussian functions as shown by the solid red, blue and green
curves to obtain the peak positions, max. In the plot for ψ = -0.6° in Fig. 19(c-3), the right
most peak colored red, shows elastic behavior, while the other two peaks show energy
losses. In the case that there are two energy loss peaks at a tilt angle ψ, the peak at the larger
value of |θ| is assigned as blue, and the other one as green. In the case of only one peak, the
peak is assigned as blue. The above fitting process was applied to the data for all values of
ψ at both energies, and these colors will be used throughout this chapter for easier
recognition. The number of peaks was found to depend on ψ, being three, two and one for
ψ = -0.6°, -3.0°, and -9.5° at 1000 eV, respectively. In general, smaller values of |ψ| have
more peaks.
As explained above for Fig. 18 and Fig. 19(a-1,2,3), the spectra for 500 eV show a
dominance of elastically transmitted electrons for larger tilt angles compared to 1000 eV,
suggesting a difference in the transmission mechanisms for the two energies. For 1000 eV,
although the inelastic transmission is dominant, even at larger tilt angles about ~10-20%
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of the contribution is elastic. This smaller elastic amount is caused by the bending of the
transmitted beam from the existing charge patches on the capillary surface.
Figure 20 shows the peak maximum observation angle θmax vs. the tilt angle. The
θmax is the position of the largest transmission intensity of each peak from Gaussian fits to
spectra such as those shown in Fig. 19(c-1,2,3). The beam was transmitted for experimental
tilt angles as large as ~5° for 500 eV and ~8° for 1000 eV taking into account an offset of
ψ ~1.5°. The offset was determined under the assumption that the centers of the region of
red points corresponded to the incident beam direction. This offset is attributed to small
asymmetries in the capillary or to a slight misalignment of the capillary. Also, it could be
due to a slight difficulty in determining the exact zero for ψ, and assigning the incorrect
offset to zero.
Considering the small difference of the center points of the two incident energies,
the slopes of the lines fit to the data are nearly the same and about equal to unity according
to the linear expressions given in Fig. 20. Three different regions of transmission were
found. The order of the red, green and blue points varies with ψ and there are only two
points at some values of ψ in region 3 for 1000 eV. The blue and green data points
distinguish the position of the absolute value of θ, with the blue points occurring at larger
absolute values of θ compared to those of the green data points.
This provides clear evidence that electrons inside the capillary are guided along the
direction of the capillary axis, as has been observed for keV HCIs (with no energy losses
in the transmission) [7] and for electrons transmitted through nanoscale capillaries [68] and
single microscale capillaries [71]. The maximum angle of transmission for 1000 eV is
found to be larger than for 500 eV.
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c-1

c-2

c-3

Figure 19: (a) Contour plots at ψ = -5.0°, -3.0° and -1.0° for 500 eV and (b) at ψ = 9.5°, -3.0° and -0.6° for 1000 eV showing the transmitted energy vs. observation angle
with the colors from blue (minimum) to red (maximum) showing the number of electron
counts (intensity). The horizontal white solid lines show the incident beam energies of
512 eV and 1024 eV. (c) Angular distributions of the integrated transmitted intensities
normalized to the incident beam current for ~1000 eV electrons as a function of the
observation angle  for the tilt angles ψ = -9.5°, -3.0° and -0.6°. The red, green and blue
solid lines represent symmetric Gaussian fits to the data. The observation angles at
which the angular peak maxima are found from the Gaussian fits for the corresponding
tilt angle are indicated.
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The same behavior was observed for the study with capillary A with outlet diameter
of 16 µm, where only one peak was observed in the beam profile. Nevertheless, in the case
of slow HCIs incident on PET the maximum angle has been found to be smaller with
increasing energies, as reported by Hellhammer et al. [86,87].

Figure 20: Peak maximum observation angles for the max vs. tilt angle  for (a) 500 eV
and for (b) 1000 eV. For 500 eV, Region 1 with -6.5° ≤ ψ < -4.0°, Region 2 with -4.0° ≤
ψ < -2.0° and Region 3 with -2.0° ≤ ψ ≤ -1.0° are indicated. For 1000 eV, Region 1 with
-9.5° ≤ ψ < -4.0°, Region 2 with -4.0° ≤ ψ < -2.0° and Region 3 with -2.0° ≤ ψ ≤ -0.4°
are shown. The regions are defined according to the number of maxima observed in the
angular distributions, specifically, one, two or three, respectively, except for Region 3 at
1000 eV where there are only two peaks (red and blue) for tilt angles -2.0° ≤ ψ ≤ -1.0°.
In this latter region the data showed that one of the peaks was elastic (red points). The
equations show the linear relationships between ψ and θ and the fact that they are nearly
equal with slopes of about unity.
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Characteristics of 500 eV and 1000 eV transmission: energy variations
The Ec and ΓE values correspond to the energy shift and dispersion (full-width halfmaximum), respectively, obtained from spectra such as those shown in Fig. 18. The energy
Ec is defined as ∑EiIi/∑Ii, where Ei and Ii are the energy and corresponding intensity at the
i-th channel in the energy spectrum. For the FWHM the asymmetry of the peaks was taken
into account by finding the difference between the two extremes of the spectra at the
intensity equal to half of the maximum value. Both Ec and ΓE were calculated using OriginPro 9, a scientific graphing and data analysis software. In Fig. 21 the centroid energy Ec
and FWHM ΓE of the transmitted electron energy as a function of ψ for 500 eV is plotted,
and in Fig. 22 the same information for 1000 eV is shown.
For the 500 eV data shown in Fig. 21 the centroid energies, Ec, for ψ ≤ -5.5o scatter
around the incident beam energy and the FWHM (eV) values are slightly larger than
the inherent spectrometer energy resolution (15 eV). Throughout most of the transmitted
angular range both the Ec and the ΓE values show evidence of elastic behavior, even for |ψ|
> direct, a fact that holds true despite the number of peaks present (red, green and blue
points). However, inelastic components were observed for the largest tilt angles (ψ = -6.0°
and -6.5°) measured, i.e., the centroid energy values of 477 eV and 462 eV, respectively,
are less than the initial energy, and the FWHM values of 77 eV and 83 eV, respectively,
are significantly larger than the spectrometer resolution showing inelastic behavior in the
transmission.
Energy loss events are not seen for 500 eV over the range up to ψ = -5.5o where the
guiding is attributed primarily to a negative charge patch leading to elastic deflection by
Coulomb repulsion, similar to the guiding by the potential from the positive charge patch
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for keV HCIs [7,11]. However, guiding is less effective for electron transmission than for
HCIs due to the inability of electrons to deposit sufficient charge on insulator surfaces.
This inability is due to the greater mobility of electrons, secondary electron emission and
the charge state difference.

Figure 21: Plots for 500 eV (actually 512 eV) incident electrons showing (a) Ec, the
centroid energies (eV), obtained from spectra like those shown in Fig. 18, at the angular
maxima from plots similar to Fig. 19(c-1,2,3), and (b) the FWHM (eV) values from
Fig. 18, as functions of the tilt angle. The indicated numbers with the vertical blue dotted
arrows show the respective centroid energies and FWHM values for ψ = -6.0° and ψ = 6.5°. The three regions of transmission are indicated by the colors as before. The
horizontal dashed lines show the incident beam energy (512 eV) and the FWHM (eV)
(~15 eV) of the inherent spectrometer energy resolution. The centroid and FWHM values
for ψ ≥ -5.5° show little difference among the three regions of transmission and the
values are close to the incident energy and inherent resolution, respectively.
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Figure 22: Plots for 1000 eV incident electrons showing (a) Ec, the centroid energies
(eV), obtained from spectra like those shown in Fig. 18, at the angular maxima from
plots similar to Fig. 19(c), and (b) the FWHM (eV) values from Fig. 18, as functions
of the tilt angle. The three regions of transmission are indicated by the colors as before.
The horizontal dashed lines show the incident beam energy (1024 eV) and FWHM (eV)
(~30 eV) of the inherent spectrometer energy resolution. Here, the values of  and Ec
in Region 3 are seen to be quite different from the values in Regions 1 and 2.

For 1000 eV as seen in Fig. 22, the Region 3 (red points) centroid energies Ec lie
close to the incident energy (1024 eV), and the FWHM ΓE values are slightly larger than
the inherent energy resolution of the spectrometer (30 eV). For Regions 2 and 1 (blue and
green points) the Ec values are lower than the centroid energy and nearly constant over the
entire range of tilt angles with a slight decrease as the absolute value of the tilt angle
increases. At the same time, the values of ΓE in Regions 2 and 1 have larger values than in
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Region 3 over the entire range of tilt angles and show a slight increase as the absolute value
of the tilt angle increases. The blue and green data points show primarily the results of
inelastic behavior, unlike the case of 500 eV (Fig. 21). For 1000 eV, this energy loss shows
that the electron beam suffers at least one (or more) inelastic collisions with the inner
capillary wall. This again points to a distinct difference between the 500 and 1000 eV
transmission. The blue and green data points for 1000 eV suggest that the induced potential
of the negative charge patch on the inner surface is not sufficiently strong to bend the
majority of the electron trajectories to prevent inelastic collisions. This results in these
electrons undergoing close collisions with the inner surface giving rise to scattering. These
scattered electrons, resulting in both elastic and inelastic collisions, still contribute to
guiding and they constitute indirect transmission.
Direct and indirect positioning of the capillary
Direct transmission occurs when the transmitted electron beam makes no
interaction with the capillary inner wall and travels on a straight line path. This will happen
as long as the incident beam can see the exit of the capillary. In Fig. 23(a) the positions of
the sample at ψ = 0.0o and ψ > 0.0o are shown. In Fig. 23(b) the overlapping of the capillary
entrance and exit with increasing ψ is shown where the gray and white color circles
represent the cross section of the capillary inlet and outlet diameters, respectively. Direct
transmission is possible at ψ = 0o where the capillary entrance and exit are completely
overlapped (Fig. 23b).
Also, direct transmission is possible up to ψ value where the capillary entrance and
exit are partially overlapped (Fig. 23b). When the capillary is tilted (ψ > 0o) away from the
zero position to the point where the capillary entrance and exit do not overlap (Fig. 23b)
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indirect transmission begins. At that position the beam will make at least one collision with
the capillary and direct transmission is no longer possible.

(a)

(b)

100 μm

800 μm
ψ = 0o
Complete overlap

0o < ψ < |-1.0o|
Partial overlap

ψ > |-1.0o|
No overlap

Figure 23: (a) Direct and indirect capillary positioning with the incident electron beam
shown by the arrows; (b) decrease of the overlapping of the capillary entrance and exit
with increasing sample tilt angle showing total overlap, partial overlap and no overlap.
The gray color circle represents the capillary inlet of 800 µm diameter and the white
color circle represents the exit diameter of 100 µm.

The direct region of transmission can be calculated numerically as Eq. 30,
2
2
2
𝛤𝑑𝑖𝑟𝑒𝑐𝑡
= 𝛤𝑎𝑠𝑝𝑒𝑐𝑡
+ 𝛤𝑐𝑜𝑙𝑙
… … … … … … … … … … … … … … … … (30)

where Γaspect ≈ 1/78 ≈ 0.7o and Γcoll ≈ 0.5o which gives Γdirect ≈ 0.9o. When calculating
Γaspect the capillary was considered as a conical shape (ignoring the funnel shape) so the
calculated Γdirect might be somewhat different from the exact value. In Figs. 21 and 22 for
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Region 3, the range of tilt angles -2° ≤ ψ ≤ -1° shows ∆ψ ≈ 1o for 500 eV and the range 2° ≤ ψ ≤ -0.4° shows ∆ψ ≈ 2o for 1000 eV, which were attributed to direct elastic
transmission. Although the numerically calculated Γdirect is about 1.0o the experimental
Γdirect is found to be ~1o and ~2o for 500 eV and 1000 eV, respectively. Thus, Region 3 is
referred to as the direct region of transmission. Then Region 1 is in the indirect region and
Region 2 is in the transition region between the direct and indirect regions.
Characteristics of 500 eV and 1000 eV transmission: angular variations
In Fig. 24 the FWHMs of the peaks from spectra such as those of Fig. 19(c-1,2,3)
obtained from the Gaussian fitting are plotted as a function of ψ for both 500 eV and 1000
eV. The FWHMs (Γθ) were calculated from the expression Γθ = 2√ln2 σ where σ is the
standard deviation of the Gaussian distribution. The horizontal dashed lines show the
inherent angular resolution (~0.3o) of the spectrometer. The FWHM (deg.) for the maxima
indicated by the red points are slightly larger (~0.4o) than the spectrometer resolution, while
the green and blue points have maximum values of about ~0.6° and ~0.9° for 500 and 1000
eV, respectively, in regions 2 and 3. These values of the FWHM fall off quite rapidly as
the tilt angle goes away from zero degrees, followed by a slower decline for the larger tilt
angles (in absolute value) for both energies.
As shown in Fig. 23 the directly transmitted peaks (Region 3), for which the beam
goes through the capillary on a straight line without touching the capillary surface, occurred
in the range of tilt angles -2° ≤ ψ ≤ -1° for 500 eV and -2° ≤ ψ ≤ -0.4° for 1000 eV, giving
values of  (Fig. 24) of about ~0.4°. Thus, the inherent spectrometer resolution contributes
mainly to this FWHM for the transmitted beam, i.e., the direct beam. Regions 2 and 3 with
a higher divergence of the FWHM, as shown by the green and blue points, can be attributed
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to the deflected beam caused by either elastic or inelastic transmission. Also, the Γθ values
in Region 2 fall off faster than in Regions 1 or 3 and the Γθ for Region 1 approach an
equilibrium value for both energies. For 500 eV at ψ ≤ -5.5° and for 1000 eV at ψ ≤ -6.0°
the angular FWHM is ~0.3o, which is about equal to the inherent spectrometer resolution.

Figure 24: Variation of angular FWHM (deg.) Γθ vs. tilt angle ψ for (a) 500 eV and (b)
1000 eV showing the three regions of transmission. The horizontal dashed lines show
the inherent angular resolution (~0.3°) of the spectrometer.

Approaching an equilibrium value with narrow peaks for larger tilt angles of the
capillary can be expected from the geometrically limited path for transmission at these
larger tilt angles. This limited path appears to be slightly smaller compared to the
spectrometer resolution for larger absolute value of tilt angles and thus the FWHM will be
mainly due to the spectrometer resolution. Moreover, the smaller values of Γθ at large
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capillary tilt angles might be due to charge deposition at the exit for both energies, leading
to a focusing of the beam. In a previous work [72,75], similar behavior was observed for
500 and 1000 eV electrons traveling through microsized straight glass capillaries. These
variations of angular FWHMs for electrons are different from slow HCIs, where narrower
widths were observed for smaller rather than larger tilt angles [86,87].
For both energies in Region 2 and 3 the angular FWHM for the blue points is seen
to be slightly greater than that of the green points. This can be explained by the final
deflection position on the capillary where electrons leading to the blue points scatter from
a distance closer to the exit and the green points from a distance farther from the exit.
Referring to Fig. 20, these points were found in the order of larger absolute values of θ for
the blue points and smaller values for the green points with a gap of 1o (∆θ = 1o). This will
be discussed below.
Three-peak structure
As indicated in Fig. 20 and followed by Figs. 21, 22, 24 the data points are classified
into three regions for both incident energies 500 eV and 1000 eV depending on the number
of peaks in the angular spectra, where the separation of these regions can be readily
recognized. These three regions can be explained with respect to the elastic and inelastic
nature of the transmission and the shape of the capillary. For 1000 eV Region 3 includes
both elastically and inelastically transmitted electrons, while Regions 2 and 1 consist
mainly of inelastic transmission. As the tilt angle goes from Region 2 to 1 the inelastic
behavior contributes more to the transmission. For 500 eV all the three regions are nearly
elastic. Generally, for both incident energies, Region 3 includes three peaks with at least
one of them corresponding to no energy losses. For 1000 eV it is noted that Region 3
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includes two peaks for some values of ψ, but with one of them being the peak for no energy
loss (red). The reason for the presence of only two peaks (the blue peak exists but the green
peak is missing) is likely due to a slight misalignment of the capillary or the fact that the
capillary is not perfectly symmetric cylindrically. In this experiment it was found that there
is one narrow peak and two broad peaks in the ψ range -2.0o ≤ ψ ≤ -1.0o for 500 eV and 1.0o ≤ ψ ≤ 0.0o for 1000 eV as shown in Fig. 24.
The three peak structure can be compared to data for 2 MeV protons, which have
same speed as 1000 eV electrons in our work, transmitted through funnel-shaped glass
capillaries, for which the dependence of the outgoing proton distribution at zero degree tilt
angle showed two components, referred to as the ‘core’ and ‘halo’, together called a ‘ring
image’ [17,22]. The investigators attributed the core to protons traveling through the
capillary without colliding with the wall, while the halo was due to protons scattered by
the capillary inner wall. These core and halo components correspond to the elastic peak
and the inelastic peak in our work, respectively.
For both energies in Regions 2 and 3 the Γθ the blue points are seen to be slightly
greater than those of the green points shown in Fig. 24. This can be explained by the final
deflection position on the capillary inner wall where electrons leading to the blue points
scattered closer to the exit and the green points scattered farther from the exit as depicted
in Fig. 25(a). The length L is the distance between the final deflection position and the
capillary exit, and α is the opening angle. Here, α corresponds to 2Γθ. In Fig. 25(a) the
conical part of the capillary with an exit diameter of 0.1 mm, the angle , which is the
limiting angle equal to the FWHM to produce the angular profile (blue and green profiles),
and its numerical relationship to the length L are shown. Using the experimental angular
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FWHMs (from Fig. 24) and the geometrical size of the capillary exit, the final deflected
position L of the transmitted beam as seen by the spectrometer was calculated.

(a)

α=

2x(FWHM°)
0.1 𝑚𝑚
=
57.3°
𝐿

(b)

Figure 25: (a) The conical part of the capillary with an exit diameter of 0.1 mm is shown.
The angle α, which is the limiting angle that produces the angular profile, the length L,
which is the distance from the final deflection point inside the capillary to the exit, and
the respective beam profiles (in blue and green) are presented. (b) Plots for 500 and 1000
eV showing the geometrically calculated distances L with respect to the tilt angle ψ. The
conical (8 mm long) and the funnel-shaped (5 mm long) sections of the capillary are
indicated on the figure.

In Fig. 25(b), |L| vs. ψ is plotted for both 500 eV and 1000 eV. The lengths of the
conical and funnel parts of the capillary used are also indicated. For both energies the range
ψ ≥ -5.0° (Regions 2 and 3 and some angles from Region 1) corresponds to the deflection
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from the conical part which is closer to the exit. The blue events were deflected to larger
angles than the green ones according to Fig. 20. However, according to Fig. 20 the
difference between θmax of the blue and green peaks is constant and about equal to 1o (∆θ
= 1o) over the full range of ψ. Taking into account the direction of the capillary tilt angles
for angles beyond ψdirect more colliding points will be on one side of the capillary compared
to the other side. As an example, the deflection is attributed to the blue peak if the beam
hits more on side A of the capillary.
Therefore, with increasing tilt angle the number of peaks for the angular profile
decreases and only the blue peak will survive for higher tilt angles. The fact that the
minimum L for 1000 eV is smaller than that for 500 eV can be explained from electrons at
the lower energy being reflected sooner by the charge up potential than for the higher
energy. Those electrons with 1000 eV travel further along the capillary resulting in a
scattering position closer to the exit.
Universal scaling laws and electron guiding
Guiding of 500 and 1000 eV electrons was observed for considerably larger
absolute tilt angle values for the capillary with outlet diameter of 100 µm, these angles
being -6.5o and -9.5o for 500 eV and 1000 eV, respectively. For the capillary with outlet
diameter 16 µm the transmission was observed for -0.4o for both 800 eV and 1000 eV.
Nevertheless, the transmitted intensities were found to be lower compared to ion beam
transmission [7]. To get more information about the transmission the guiding ability needs
to be calculated. The normalized transmitted electron intensity variations were fit well with
Gaussian functions as shown in Fig. 13 and 19(c). Hence, Eq. 18 can be applied to the
electron transmission to calculate the characteristic guiding angle. The same method was
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used for low energy electron transmission through Al2O3 foils [65] and fast electron
transmission through PET foils [88].
By rearranging Eq. 18, Eq. 31 can be obtained:
ln [

I(ψ)
ψ2
] = − 2 … … … … . . … … … … … . . (31)
I(0)
ψC

where I(ψ) and I(0) are the transmitted intensities at a given tilt angle and at ψ = 0˚,
respectively. The characteristic guiding angle can be found from the slope of the
ln(Intensity) vs ψ2 graph. In Fig. 26 the natural logarithm of the transmitted intensity for
each tilt angle was plotted as a function of ψ2 for 500 eV and 1000 eV. The data were fit
with straight lines for each transmitted region. These three regions are the same as those
identified in Fig. 20. The transmission in Regions 3, 2 and 1 are separated by dotted lines,
where these occur for Region 1 with ψ2 > 16, for Region 2 with 16 ≥ ψ2 > 4 and Region 3
with ψ2 ≤ 4.
The calculated guiding angles are given in Fig. 26 for each region separately. In
Region 3 (direct region) and in Region 2, the characteristic guiding angle was found to be
about the same for both energies within the experimental uncertainties. In Region 1
(indirect region) for both 500 eV and 1000 eV the slope of the graph falls off slower than
the other regions giving a larger characteristic guiding angle, where ψc = 2.8o and 8.6o,
respectively. The different numbers for ψc are an indication that the transmitted electrons
have undergone different scattering processes in those regions for different energies, where
elastic behavior dominates for 500 eV and inelastic behavior dominates for 1000 eV.
Interestingly for 500 eV the calculated ψc values for all the three regions are about the same
within the experimental uncertainties. This indicates that the transmitted electrons have
undergone the same scattering process in all three regions for 500 eV, where dominant
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elastic behavior was found. In a previous study two different ψc values for direct
transmission and indirect transmission had been reported for fast electron transmission
through straight glass capillaries [71] as listed in Table 4.

Figure 26: ln (Intensity) vs. ψ2 for 500 and 1000 eV for the tapered glass capillary with
outlet diameter of 100 µm. The solid blue lines are best fit lines. The vertical dotted lines
separate the regions. The calculated ψc values for each region 3, 2 and 1 are indicated.

The calculated c values for 500 and 1000 eV, along with previously reported c
values for HCI and electron transmission through PET and a straight glass capillary, are
listed in Table 4. The c values for ions are expected to be greater than those for electron
transmission through both nano- and microcapillaries because the ions are more effective
at making charge patches than electrons. This is due to the fact that electrons are singly
charged particles, resulting in electrons having considerably less efficiency in producing
charge patches compared to ions. As listed in Table 4, the c values for electron
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transmission through the tapered glass capillary are smaller than those for HCIs, except for
Region 1 at 1000 eV, again indicating that the scattering process in that region is different
from other regions. For the tapered glass capillary with 16 µm outlet diameter the smallest
c value was observed. The c values in the indirect region of the straight glass capillary
and Region 1 (indirect region) of the tapered glass capillary both increase with increasing
energy.

Table 4. Comparison of characteristic guiding angles for ions and electrons through a
PET foil and straight and tapered glass capillaries.
Guiding angle, ψc (deg.)
E/q
(V)

HCI
PET
[7]

Electrons
Straight glass [71]
Direct

Indirect

Tapered glass capillary
Outlet
diameter
16 µm

Outlet diameter (100 µm)
Region 3
(Indirect)

500

4.7o

0.5o±0.2o

1.1o±0.2o

-

2.6o±0.2o

1000

2.8o

0.5o±0.1o

3.5o±1.1o

0.4o±0.1o

2.5o±0.1o

Region 2
(Transition)

Region 1
(Direct)

2.3o±0.1o

2.8o±0.2o

2.3o±0.5o

8.6o±0.4o

Recalling Eq. 19, the electric potential U close to the entrance region of the
capillary can be expressed as Eq. 32, where U is the deflection potential and E p is the
incident beam energy.
U=

Ep ψ2c
q

… … … … … … … … … … … … … … … (32)

According to Eq. 32, if the deflection potential has a fixed and constant value the
guiding ability will decrease with increasing energy. For HCIs a decrease of c values with
increasing energy was experimentally observed for Ne7+, Ne9+ through PET foils [37] and
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230 keV Xe23+ transmission through funnel-shaped tapered glass capillaries [12]. As listed
on Table 4, for electron transmission through both straight and tapered glass capillaries in
the indirect regions the guiding ability increases with increasing energy. These results
indicate the charge patch potential is fixed or does not contribute much to the transmission
in the indirect region. In the indirect region electrons undergo a number of inelastic
scattering events which are not observed for HCI guiding. Furthermore, due to the lower
resistivity of glass (~1016 Ωcm) compare to PET (~1018 Ωcm) a higher charge patch
potential can be expected from PET foils than glass capillaries.
Interactions with the capillary surface
Figure 27 shows a schematic diagram of electron transmission taking into account
the tilt of the capillary. The above explained three-peak structure can be described using
the Fig. 27. The red solid line shows a beam trajectory due to direct transmission of the
beam, i.e., the beam going straight through without any interactions; the red dotted lines
show slightly bent beam trajectories due to electrostatic (Coulomb) repulsion by the charge
patch buildup at the exit of the capillary. These trajectories result in producing a peak (red)
with no change (elastic) in energy. Geometrically, as the capillary is tilted slightly, the
direct transmitted beam dominates until it reaches the point where the capillary entrance
(0.80 mm), the entrance to the conical part (0.16 mm) and the outlet (0.1 mm) do not
coincide.
The blue and green dashed lines show beam elastically deflected by Coulomb
(electrostatic) repulsion, or possibly inelastically scattered by means of the electrons, from
the negative charge patch. The amount of energy loss depends on how close the electron
beam travels to, and whether it interacts directly with the electrons, in the existing charge
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patch. The blue and green dot-dot-dash lines show scattered beam from atoms close to the
surface, which can support elastic transmission in the event of no energy loss, but also
inelastic transmission can occur depending on the interactions with the surface atom(s).
The dot-dashed line shows electrons that penetrate deeper into the bulk of the capillary and
lose energy due to various inelastic processes, causing loss of the electron within the
sample or transmission through the capillary if the escape depth is small enough.

A
B

B

Figure 27: Electron transmission trajectories for the beam incident on a funnel-shaped
glass capillary: solid red line - direct beam making no collisions with the surface; thin
dotted red lines - beam making glancing collisions with surface charge buildup at the
exit of the capillary; blue and green dashed lines - electrostatic (Coulomb) repulsion of
electrons from surface charge buildup; blue and green dot-dot-dashed lines - single (or
multiply) scattered electrons from atoms close to the surface; and black dot-dash lines electrons penetrating deeper into the bulk of the capillary and becoming lost.

As shown in Fig. 27, when the capillary is tilted the charge patch formation is higher
on one side (A) than the other side (B). Also, as shown in Fig. 25, the charge patch on side
A is closer to the exit of the capillary than the charge patch on side B. Thus, the beam
interacting with side A makes a broader peak, i.e., the one made by the blue lines (dashed
and dot-dot-dashed), than the peak made by the beam interacting with side B, i.e., the green
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lines (dashed lines and dot-dot-dashed). Since 500 eV electrons have a slower speed than
1000 eV electrons, it is found that elastic interactions for 500 eV dominate compared to
those for 1000 eV.
Based on the present data, the electron transmission mainly depends on two
processes, Coulomb reflection by already deposited charges and elastic/inelastic scattering
from the surface or the bulk. The observed smaller values of ψc (except for 1000 eV in the
indirect region for the capillary with 100 µm outlet diameter) indicate that electrons are
less efficient at making charge patches on insulator surfaces compared to HCIs.
Nevertheless, for 500 eV electrons, elastic transmission was observed for relatively higher
tilt angles. This indicates, for 500 eV electrons, the potential energy from the charge patch
(qU) is sufficient enough to deflect by Coulomb repulsion, E┴ < qU, allowing incoming
electrons to transmit elastically through the capillary in a manner similar to HCIs. The
transmission of 1000 eV electrons is mainly governed with inelastic behavior even for tilt
angles very close to zero degrees. However, still a smaller fraction of elastic contribution
was observed, as shown in Fig. 18. Therefore, only a fraction of 1000 eV primary electrons
undergo elastic scattering while a main fraction of the primary beam undergoes inelastic
scattering such as excitation and ionization of atoms or molecules. The main reason that
electrons travel into the bulk of the capillary material is the inability to make a sufficient
charge patch potential to deflect incoming electron beams, E┴ > qU.
Borosilicate glass is made of 80.9% SiO2, 12.7% B2O3, 4.0% Na2O, 2.3% Al2O3,
and 0.04% K2O. According to the material compositions oxygen, silicon and boron are the
main elements in glass. The relative x-ray energies of atomic levels are listed in Table 5
[89]. When glass is irradiated by 500 eV and 1000 eV electron beams, inelastic processes
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can occur from excitation or ionization for any electron with a binding energy less than the
incoming electrons. According to the ionization potential energies listed in Table 5, valence
shell ionizations are possible for boron, oxygen and silicon. Moreover, K-shell ionization
of B for both 500 and 1000 eV incident electron is possible. K-shell ionization of oxygen
is possible with 1000 eV electrons. For Si with both energies K-shell ionization is
impossible.

Table 5: X-ray atomic energy levels of boron, oxygen and silicon, the main composite
elements of glass. The atomic numbers are listed next to the element [89,90].
X-ray atomic energy levels (eV)
Level

K

LI

LII,III

B(Z = 5)

188

~25

~5

O(Z=8)

532

24

~7

Si(Z = 14)

1839

149

99

M

Element

~8

Stopping power for electrons
The stopping power describes the amount of energy lost by a charged particle when
traveling through matter [91,92]. The stopping power S(E) of a material is given by, S(E)=
dE/dx where, dx is the path length and dE is the energy lose. The stopping power and range
tables for protons (PSTAR program), helium ions (ASTAR program) and electrons
(ESTAR program) can be found at National Institute of Standards and Technology (NIST)
Standard Reference Database 124 presented by NIST Physical Measurement Laboratory
[93]. In Fig. 28 the graph of stopping power vs. beam energy for electrons incident on
69

Pyrex glass calculated from ESTAR is shown. Although ESTAR runs with user-defined
energies from 1 keV to 10 GeV the graph was extrapolated to 500 eV as we are interested
in 500 eV and 1000 eV energies.

Figure 28: The ESTAR database program was used to calculate the stopping power for
electrons incident on Pyrex glass [93]. The graph was extrapolated from 1x10-3 to 0.5x103
(blue line). At 0.0005 MeV (500 eV) and 0.001 MeV (1000 eV) the stopping powers
are ~116 and 85 MeV cm2/g, respectively.

The calculated stopping power and distance dx for 500 eV and 1000 eV are listed
in Table 6. As shown on the graph the stopping powers for 500 (extrapolated) and 1000 eV
(calculated by the program) were found to be ~116 and 85 MeV cm2/g, respectively. The
stopping powers for 500 eV and 1000 eV are calculated to be 260x102 eV/µm and 190x102
eV/µm, with the density of Pyrex glass to be 2.23 g/cm3. As shown in Fig. 21 and 22 the
energy lost for 500 eV for ψ > -5.5o and for 1000 eV for ψ > -1.0o is about 100 eV and 200
eV, respectively. The distance that electrons travel into the glass is calculated to be 0.004
µm and 0.01 µm for 500 eV and 1000 eV, respectively. The thickness of the glass walls of
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the utilized capillary is ~200 µm. Therefore, the energy losses observed in the transmission
are due to the scattering of grazing incidence electrons.

Table 6: Electron stopping power and electron travel distances in Pyrex glass for 500 and
1000 eV.
Energy (eV)

Stopping power (dE/dx)
MeV cm2/g

Energy losses found in
the present experiment
(eV)

eV/µm

dx (µm)

500

116

260x102

100 eV

0.004

1000

85

190x102

200 eV

0.01

71

CHAPTER V
TIME (CHARGE DEPOSITION) EVOLUTION OF ELECTRON TRANSMISSION
The transmission process of beams through capillaries can be studied in detail by
investigating the buildup of charge and the dependence of the angular and energy quantities
on it. In Chapter IV the angular and energy dependence were presented and in this chapter
the time evolution (charge dependence) of the transmission of electrons will be presented.
The two capillaries, A and B that were used in the energy dependence study and described
in the previous chapter III, will be utilized in the time evolution study. The dimensions of
those capillaries were listed in Table 1.
Before collecting data for the charge dependence, angular dependent data were
taken for the chosen fixed capillary tilt angle as described in the experimental procedures
in Chapter III. From the angular profile the centroid observation angle  was determined
where the transmitted intensity was maximum for the particular  ( ) to be studied and
the spectrometer was fixed at that position. All the measurements were made by keeping
the spectrometer at the centroid angular position to study the transmission dynamics. Then
the electron beam was blocked for ~24 hours before putting the beam onto the capillary to
allow the capillary to fully discharge. The transmission was collected continuously for a
longer time. For capillary A (16 µm outlet diameter) the study was done for an incident
energy of 1000 eV at tilt angles ψ = 0.0o, -0.2o, -0.6o, -1.0o. Similar studies were done with
capillary B (100 µm outlet diameter) for energies 500 eV and 1000 eV. For 500 eV the
study was done at ψ = -0.5o, -1.5o in Region 3 and at ψ = -2.5o, -4.0o in Region 2. For 1000
eV the study was done at ψ = 0.2o, -0.4o, -1.0o in Region 3 and at ψ = -5.0o in Region 1.
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Transmission dynamics for the capillary with outlet size 16 µm (Capillary A)
The charge dependence of electron transmission through the capillary with an outlet
size of 16 µm (Capillary A) was studied for 1000 eV incident electrons. This time
dependent study was done for tilt angles of ψ = 0.0o, -0.2o, -0.6o, -1.0o. All the
measurements were made by keeping the spectrometer at the centroid angular position.

Figure 29: Typical electron energy spectrum at  =  = 0.0°. To calculate the transmitted
intensity the spectrum was integrated from channel 850 to 1050 eV. The current on the
goniometer was about 1.3 nA (150 pA into the capillary).

Figure 29 represents a typical energy spectrum at ψ = θ = 0.0o obtained for channels
850–1050 eV with an energy spacing of 4 eV over a period of 66 s. The spectrum was
integrated over the time period to calculate the transmitted intensity and then plotted with
respect to the deposited charge into the capillary. The important parameter in this study is
the amount of charge entering into the capillary. The charge deposited into the capillary
was calculated by multiplying current onto the goniometer by the time (66s) and then by
the ratio of the inlet area of the capillary to the beam area. In Fig. 30 the integrated
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intensities for the studied tilt angles are plotted with respect to the charge deposited into
the capillary. The respective incident beam fluxes for each tilt angle are shown in Table 7.

(a)

(b)

Figure 30 (a): Integrated intensity variations of transmitted spectra vs. charge deposited
into the capillary A for 1000 eV. (b) Same plots with the y-scale magnified for ψ = -0.2o
and -0.6o. Note: The plots are not drawn with the same x-scale for the studied angles.

In order to plot the intensity and energy variations as functions of charge deposition,
contour plots of the respective angles are shown in Figure 31 with the outgoing energy
plotted against the charge deposited into the capillary and the intensity shown in color. The
colors from blue (minimum) to red (maximum) show the number of electron counts as
indicated on the color map. The color map for  = 0.0°, -0.2o and -0.6o is from 0 to 5
electron counts from blue to red with gray representing counts more than 5.
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For the tilt angle ψ = -0.2o the gray color shows counts greater than 5 and less than
60. For ψ = -0.6o gray shows counts greater than 5 and less than 100. The color map for 
= -1.0° goes from 0 to 2. The x axes of the four plots are not drawn in the same scale. For
tilt angles ψ = 0.0o, -0.2o, -0.6o, and -1.0o the transmission was observed for charge
depositions of 2500, 3000, 25000 and 1430 nC, respectively. Due to the limited access to
the beam line, data for ψ = -1o was collected only for a short period of time.
As seen in Figs. 30 and 31, at  = 0.0°, -0.2° and -0.6° almost immediate
transmission apparently occurred after the beam was allowed to strike the sample, and it is
hard to determine if the charge up took some time using those figures. To see the details of
the initial transmission, a selected short range of initially deposited charge vs. the
transmitted intensity is plotted in Fig. 32 for each tilt angle. That is the range of Fig. 30 for
up to 30 nC for tilt angles ψ = 0.0o, -0.2o, -1.0o and up to 500 nC for ψ = -0.6o. Interestingly,
a quick charge up was observed with the constants Qc determined from the exponential fits
as shown in blue in the figure. A tendency of an increasing charge up constant with
increasing tilt angle from direct to indirect can also be seen. For ψ = 0.0o and -0.2o, tilt
angles in the direct region, Qc was found to be ~2 nC. The charge up constant Qc for ψ = 0.6o and -1.0o, both in the indirect region, was found to be ~25 nC So, charge up starts later
with the increasing tilt angle, where for tilt angles in the direct region (ψ = 0.0o and -0.2o),
the charge up starts after deposition of ~5 nC into the capillary, while in the indirect region
(ψ = -0.6o and -1.0o) charge up starts after deposition of ~200 and 270 nC (see Fig. 32). If
a less intense input current (<150pA/mm2) had been utilized, a gradual charge up would
have been expected for ψ = 0.0o, -0.4o and -0.6o. In order to observe more precise charge
up, a less intense beam was used with the capillary B, which will be discussed later in this
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chapter. However, no charge-up time was observed in previous studies for electrons
incident on Al2O3 nanocapillaries at zero degree tilt angle [65,67]. A later study for electron
transmission through single glass capillaries [72] reported charge deposition, charge patch
deflection, and discharge providing evidence that electron transmission is a time dependent
process.

Table 7: Incident beam fluxes for each tilt angle shown in Fig. 30 and 31.
Tilt angle  (deg.)

Incident beam flux (pA/mm2)
1000 eV

0.0

150

-0.2
-0.6

200
810

-1.0

160

According to Figs. 30 and 31, at  = 0.0° after the quick charge up the transmission
remained nearly constant over the course of the measurement. The incident beam flux was
150 pA/mm2 (see Table 7). For both  = -0.2° and -0.6° bursts of transmission intensities
are seen with much lower intensities between those bursts. For  = -0.2° the bursts are seen
in three ranges from 280 to 600 nC, from 1600 to 2350 nC and from 2570 to 2680 nC. The
frequency of occurrence of the intensity bursts seemed to decrease as the tilt angle was
increased from  = -0.2° to -0.6°, but the beam flux into the capillary was higher for  = 0.6° (810 pA/mm2) than for  = -0.2° (200 pA/mm2). For  = -0.6° the major bursts are
seen between 7650 to 16980 nC with only minor bursts after that. For  = -0.2° and -0.6°
stable transmission equilibrium was never reached even for very long charge up times. The
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maximum intensity for the observed bursts is ~750 and 600 at  = -0.2° and -0.6°,
respectively.

Figure 31: Contour plots showing outgoing energy vs. charge deposited into the capillary
with the intensity in color, at the respective angles shown in Fig. 30. The colors from blue
(minimum) to red (maximum) show the number of electron counts as indicated in the color
map. The white solid line represents the incident beam energy of 1024 eV. Note: The plots
are not drawn with the same x-scales.

To obtain a clear idea about the intensity between these bursts, in Fig. 30(b) the yaxis scales were set at maxima of 100 and 80 for  = -0.2° and for  = -0.6°, respectively.
As seen from the figure the avargae count rate without the bursts “background” transmitted
intensities for  = -0.2° and for  = -0.6° are ~55 and ~30 counts, respectively. These
transmitted intensities are less than the transmitted intensity at  = 0.0°, which was ~200
counts. Nevertheless, the magnified graph (Fig. 30(b)) suggests that for  = -0.2° and  =
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-0.6° the transmission consists of two parts, a constant transmission similar to ψ = 0.0° and
also sudden spikes.

Figure 32: Transmitted intensity vs. the charge deposited into the capillary for 16 µm
capillary for 1000 eV, which shows the x scale of Fig. 30 for up to 30 nC for tilt angles
ψ = 0.0o, -0.2o and up to 500 nC for tilt angles ψ = -0.6o, -1.0o. The blue curves are the
results of an exponential fit giving the charge-up constants listed as Qc.

If closer attention is paid to the transmitted spectra of electrons during the sudden
intensity increments (bursts), the transmission is found to be mainly governed by elastic
characteristics. This can be seen from Fig. 31 for ψ = -0.2° where a sudden increase in
intensity is gray in color and those gray points lie around an energy of 1024 eV. To get
more detail, the positions A, B, C, D were selected at ψ = -0.2° in Fig. 30 and the
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corresponding spectra are shown in Fig. 33. Inelastic transmission with electron intensity
of about 50 counts was observed at positions A and D, which lie in the nearly stable regions.
At positions B and C, representing bursts in the spectrum, the transmission is mainly
governed by elastic behavior. Even though the exact transmission process of electrons is
difficult to understand, according to these observations charge accumulation and discharge
play a major role.

Figure 33: Energy spectra obtained for  = θ = -0.2° at the indicated positions A, B, C
and D in Fig. 30(a).

Transmission dynamics for the capillary with outlet size 100 µm (Capillary B)
In this section, the charge evolution during transmission of 500 and 1000 eV
electrons through the funnel-shaped tapered glass capillary with an outlet diameter of 100
µm (Capillary B) at different capillary tilt angles will be investigated. The centroid energies
(weighted mean values of the energy spectra) and the corresponding full-width-half79

maximum (FWHM) energy values associated with the transmitted intensities are used to
explain the charging characteristics of the capillary. The two energies studied are shown to
have different characteristics in agreement with what has been observed for the angular
and energy dependence study presented in Chapter IV, where elastic behavior is dominant
for 500 eV and inelastic behavior is dominant for 1000 eV.
Transmission dynamics for 500 eV
For 500 eV, electrons incident on the capillary were studied for four tilt angles,
including ψ = -0.5o, -1.5o from the direct region of the transmission (Region 3 in the angular
study in Chapter IV), and tilt angles, ψ = -2.5o, -4.0o from the indirect region (Regions 2
and 1 in Chapter IV). The experimental findings from the energy and angular dependence
studies (as explained in Chapter IV) show that the electrons must interact with the inner
wall of the capillary at least once before being transmitted for ψ < -2.0o (taking into account
the offset in ψ), whereas for 0 > ψ ≥ -2.0o electrons can travel in a straight line without
touching the inner wall of the capillary.
In Fig. 34 the integrated intensities for the tilt angles measured for 500 eV have
been plotted with respect to deposited charge (in nC) into the capillary. Each data point
represents the integrated energy spectrum over a time period of 58 s for the energy range
470 eV-540 eV (channels 470-540) for ψ = -0.5o and ψ = -1.5o. For ψ = -2.5o and ψ = -4.0o
each spectrum was studied over a period of 66 s for the energy range 360 eV-540 eV. The
beam flux was ~60 pA into the capillary for all of the angles studied. This beam flux is
about 10 times less than the beam flux used for capillary A for 1000 eV electrons. In Fig.
35 contour plots showing the transmitted energy vs. charge deposited into the capillary
with the intensity in color at the respective angles are presented. The colors from blue
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(minimum) to red (maximum) show the number of electron counts as shown in the color
map.
According to Figs. 34 and 35, the transmission gradually increased with time. The
charge up constants Qc were determined from exponential fits (which followed Eq. 10) to
the spectra shown as in red curves in Fig. 34. The Qc values were found to be ~ 60, 66, 68
and 74 nC for ψ = -0.5o, -1.5o, -2.5o and -4.0o, respectively. The charge up constant Qc is
about the same in the direct region for the tilt angles ψ = -0.5o, -1.5o, -2.5o. For the tilt angle
ψ = -4o , the Qc tended to be larger than that of the direct region indicating that more charge
up is necessary for indirect transmission to initiate. The increase of Qc with increasing tilt
angle had also been found for the case of 3 keV Ne7+ transmission through PET
nanocapillaries [40] and for 500 eV electrons transmission through straight glass capillaries
[72]. Moreover, the calculated Qc values are 107 times higher than for 500 eV electron
transmission through PET where Qc was found to be ~10x10-3 fC at -1.7o [76]. The
difference between the Qc values for PET and glass is attributed to the collective effect of
PET and also it is relative to the material properties of the insulators with the bulk resistivity
being larger in PET (~1018 ῼcm), giving a lower diffusion of the charge patch into the bulk
than glass with a smaller bulk resistivity (~1016 ῼcm).
The present data show that initially there is little or no transmission, which can only
due to the atomic scattering. The electrons incident at the capillary surface for the first time
undergo small angle Rutherford scattering resulting in very low or no transmission. The
initial low transmission intensities were clearly observed for charge deposition less than 50
nC for 500 eV electron transmission for tilt angles -1.5o and -2.5o (see Fig. 34 and 35). As
described above using Fig. 32, the late transmission was also observed for 1000 eV electron
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transmission through the capillary with 16 µm outlet. After the initial charge up, the
transmission became nearly stable with continuous charge deposition and some oscillations
were observed. These oscillations are seen clearly for ψ = -0.5o in Fig. 34 as the intensity
drops. Also, weaker oscillations in intensity can be seen for ψ = -1.5o and ψ = -2.5o in Fig.
34.

Figure 34: Variation of transmitted electron intensities with charge (time) into the
capillary for 500 eV at tilt angles ψ = -0.5o, -1.5o, -2.5o, -4.0o. The beam flux was ~ 60
pA into the capillary for all the tilt angles. The blue curves are the exponential fits to the
transmission intensities with charging constants Qc of ~ 17 nC for ψ = -0.5o, -1.5o, -2.5o
and ~ 37 nC for ψ = -4.0o.
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Figure 35: Contour plots showing the transmitted energy vs. charge deposited into the
capillary with the intensity in color for 500 eV incident electrons at the respective angles
shown in Fig. 33. The colors from blue (minimum) to red (maximum) show the number
of electron counts as indicated on the color map. Note: The color maps are different for
the four angles. The horizontal white solid line shows the incident beam energy of 512
eV.

At ψ = -1.5o the study was done for deposited charge into the capillary up to ~800
nC, where a transmission drop (blocking) at ~450 nC and self-recovery for a short time at
~500 nC up to ~600 nC was observed. The same behavior might also have occurred for the
other angles if the study had been carried out for longer times. Analyzing Fig. 35, the
blocking and self-recovery behavior can be seen clearly as color variations. Moreover,
from Fig. 35 the energy variation of the transmitted beam can be obtained. The centroid
energy of the transmitted spectra is calculated to be ~512 eV (shown as the white solid line
in Fig. 35), which is equal to the centroid energy of the incident beam in the experiment.
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For 500 eV the transmission shows a dominance of elastic behavior for tilt angles in both
the direct and indirect regions (ψ = -0.5o, -1.5o from the direct region, and ψ = -2.5o, -4.0o
from the indirect region). This agrees with what was observed in the energy dependence
study discussed in the previous Chapter IV, Section 2 for 500 eV where the transmission
was mainly elastic.

Figure 36: Energy spectra at ψ = -0.5o and -2.5o at 500 eV. The black symbols are the
data points. The red and blue solid lines represent symmetric Gaussian fits to the data.
Centroid energy and FWHM (eV) values were calculated (as shown) using Origin 9.0.

Figure 36 shows typical energy spectra for ψ = -0.5o and ψ = -2.5o. The spectra
were fit with single and double Gaussians for ψ = -0.5o and for ψ = -2.5o, respectively.
Centroid energies and the corresponding full-width-half-maximum (FWHM) values of the
energy spectra for these points were calculated for both angles. The centroids were found
from ∑EiIi/∑Ii, where Ei and Ii are the energy and corresponding intensity at a given point
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of the spectrum, respectively, and the FWHM values were obtained from Gaussian fits to
the energy spectra as shown in Fig. 36. In both cases Origin 9.0 data analyzing software
was used to do the calculations. Then in Fig. 37, the integrated intensity, centroid energy,
and FWHM (eV) values with respect to the charge deposited into the capillary (nC) are
plotted for both ψ = -0.5o and ψ = -2.5o. For ψ = -0.5o calculations were done for all the
spectra collected. For ψ = -2.5o ten adjacent spectra were averaged to make the calculation
easier than treating each spectrum individually.

Figure 37: Comparison of variations in transmitted integrated beam intensity, centroid
energy and FWHM (eV) vs. the charge deposited into the capillary for 500 eV for (a) ψ
= -0.5o and (b) at ψ = -2.5o. The values were obtained from symmetric Gaussian fits to
the data as shown in Fig. 36. For ψ = -2.5o red and blue represent elastic and inelastic
peaks, respectively.
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As seen in Fig. 37(a) for ψ = -0.5o, the transmitted intensity gradually increased
followed by stable transmission but with some oscillations. The gradual increase stopped
at about ~100 nC of deposited charge into the capillary. For ψ = -0.5o the increase of
centroid energy and decrease of FWHM occurred within the first 50 nC of deposited charge
before reaching their constant values. The variation of the centroid energy increased
quickly reaching that of the incident beam (512 eV) energy after deposition of only about
50 nC of charge. The FWHM values decreased at first and quickly reached nearly the value
of the incident beam FWHM (15 eV) showing the opposite behavior to the variation of
centroid energy with deposited charge into the capillary. The intensity variation is a
combination of charging and discharging similar to charging and discharging of a
capacitor.
The centroid energy of the transmitted beam stayed at the value of the incident
beam energy and the FWHM remained just above the incident beam value (see Fig. 37a),
indicating that equilibrium charge up of the inner surface of the capillary had been reached.
However, still the sharp intensity drops (discharging) followed by fast recovery were
observed. From Fig. 34 and 37(b) at ψ = -0.5o those sudden intensity drops and fast
increases were observed for charge deposition periods of ~ 80 nC in the stable transmission
region. This indicates that when the deposited charge reaches a critical value, a quick
discharge of the deposited charges occurs along the surface or into the bulk. Discharging
along the surface is likely more probable through the conducting paint applied on the front
surface of the capillary. Discharging into the bulk is very unlikely because of the low
conductivity of insulators. Furthermore, at the sharp oscillations variations in the FWHM
and centroid energies (Fig. 37(a) at ψ = -0.5o) were not observed, which indicate that those
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oscillations are just intensity drops. Also, this observation indicates that only a partial
amount of charges are discharged through the surface, and the remaining charge will
deflect the incoming beam towards the exit, leading to a lower transmitted intensity.
For ψ = -2.5o, as shown in Fig. 36, the transmission was fitted with two Gaussian
functions. One of those (red) is compatible with the incident beam having a centroid energy
of 512 eV and a FWHM of ~ 15 eV indicating elastic transmission. The Gaussian curve
indicated in blue gives centroid energies of ~500 eV, which is less than that of the incident
beam, and an average FWHM equal to ~23 eV that is larger than that of the incident beam.
Hence, the transmission for ψ = -2.5o shows both elastic and inelastic behaviors as seen in
Fig. 37 (b). The capillary tilt angle ψ = -2.5o is in the indirect region (Region 2 from Chapter
IV), therefore the beam interacts with the wall at least once before transmitting through the
capillary.
For the capillary tilt angles beyond the direct angle (ψ < -2.0o), when the beam is
incident on the inner surface initially, the electrons start to introduce charge up in a small
area around the impact point of the beam, while other electrons penetrate into the bulk of
the capillary and can get lost in the material. If the escape depths of these electrons are
sufficiently small, they can still be transmitted through the capillary with some energy loss.
Dominance of the elastic nature of the transmission is attributed to the transmission of the
beam without interacting with the capillary walls. In addition to direct transmission, it is
possible for electrons to be repelled elastically due to the Coulomb force from existing
charge patches with the beam passing through the capillary.
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Transmission dynamics for 1000 eV
For 1000 eV the study was done for angles ψ = 0.2o, -0.4o, -1.0o, -5.0o. The tilt
angles ψ = 0.2o, -0.4o and -1.0o were chosen from the direct region (Region 3 from the
angular and energy study of Chapter IV) and ψ = -5.0o was chosen from the indirect region
(Region 1 from the angular and energy study of Chapter IV).
In Figure 38, the integrated intensities for the studied tilt angles are plotted with
respect to deposited charge into the capillary (in nC). Each data point represents the
integrated counts in the energy spectrum over a period of 80 s for the energy range 802 eV1060 eV (channels 802-1060) for each of the angles studied. The beam flux was held at
~25 pA into the capillary for the angles ψ = 0.2o, -0.4o, -1.0o. For ψ = -5.0o, at the beginning
the beam flux into the capillary was 20 pA, followed by changes in three steps with time
and the study was also carried out for a longer time (~7000 nC). The transmission variation
as a function of the incident flux will be addressed later in this chapter. In Fig. 38 for ψ =
-5.0o, only the first 800 nC charge deposited into the capillary is shown, and at a charge
deposited of 275 nC the input flux was increased to 25 pA into the capillary.
In Figure 39 contour plots showing the outgoing energy vs. charge deposited into
the capillary and the intensity in color at the respective angles is plotted. The colors from
blue (minimum) to red (maximum) show the number of electron counts as indicated on the
color map. For all the angles the transmission starts immediately after putting the beam
into the capillary but the transmitted intensity is not the same for the four angles that were
studied. The same behavior was observed for capillary A with incident electron energy of
1000 eV which was presented earlier in this chapter.
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(a)

(b)

Figure 38 (a): Variation of transmitted electron intensity with charge (time) deposited
into the Capillary B for 1000 eV at tilt angles ψ = 0.2o, -0.4o, -1.0o, -5.0o. The beam flux
was ~ 25 pA into the capillary for ψ = 0.2o, -0.4o, -1.0o and 20 pA for ψ = -5.0o up to 275
nC and after that 25 pA. (b) The same plot with with the y scale magnified for ψ = -0.4o
and -1.0o.

For 1000 eV, an abrupt rise of the transmission was observed as shown in Figs. 38
and 39. For 500 eV a gradual increase of the transmission was observed due to charge up
of the surface. In order to observe the charge up process for 1000 eV electrons, the
transmission intensity vs. the charge deposited into the capillary for the studied tilt angles
was plotted in Fig. 40 up to 30 nC and the charge-up constant Qc was calculated from the
exponential peak fits (blue lines) described by Eq. (10). As shown in the figure the chargeup constant is ~2 to 4 nC for the studied tilt angles, about the values found at ψ = 0.0o and
= -0.2o for 1000 eV electron transmission through the 16 µm capillary (see Fig. 32).
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Figure 39: Contour plots for 1000 eV showing the transmitted energy vs. charge
deposited into the capillary with the intensity in color for the same angles shown in Fig.
38. The colors from blue (minimum) to red (maximum) show the number of electron
counts as indicated on the color map.

As seen in Figs. 38 and 39 for  = 0.2°, -0.4o, -1.0o bursts of transmission intensities
were seen throughout the studied range of deposited charge into the capillary. For Fig. 38
(a) for  = -0.4o and -1.0o the maximum integrated intensity at the position of the bursts is
300 x 103 and 150 x 103, respectively, which are more than that for  = 0.2o where the
maximum intensity was 10 x 103. Stable transmission equilibrium was never reached even
for long time of study. The “background” intensity which is the average count rate without
the bursts can be estimated from Fig. 38 (b) for  = 0.2°, -0.4o, -1.0o. Fig. 38(b) was plotted
with y-scale (<10 x 103) for the four tilt angles. According to the plots a “background”
intensity of less than 5 x 103 was observed for both  = -0.4o and -1.0o.
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Figure 40: Charging of the capillary as a function of the deposited charge up to 25 nC
for 1000 eV electrons at ψ = 0.2o, -0.4 o, -1.0 o, and -5.0 o. The charge-up constant is about
2-4 nC for all the tilt angles.

Theoretically for PET nanocapillary foils at 500 eV [78] no charge up time was
needed and experimentally for Al2O3 [65] nanocapillaries at 200-350 eV no charge up time
was reported for electron transmission. However, for microsized straight glass capillaries
charge up was observed for 500 and 800 eV incident electron beams [72]. Interestingly,
electron transmission with straight glass capillaries was shown to depend on charge
deposition, deflection, and discharge. Also, a recent experimental work with a fresh (not
previously used) PET nanocapillary for 500 eV electrons for different capillary tilt angles
showed there was no transmission when charge was first put onto the sample but after some
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time transmission was observed and equilibrium was reached rather quickly [76,77].
An injected highly-charged ion beam of 13 keV Ar8+ through a pair of soda lime
glass plates with a gap of 0.1 mm revealed a slowly and regularly oscillating transmission
current [23]. This phenomenon was attributed to charge-discharge repetition cycles in a
process that was called dynamic resistive switching of the glass plates. Typical resistive
switching systems are capacitor-like devices. In a capacitor energy is stored, released and
then recovered in a cycle. Dynamic resistive switching refers to the physical phenomenon
where a dielectric suddenly changes its resistance under the action of a strong electric field
or current. The work by Ikeda et al. [23] was the first observation of oscillations in
transmission through insulators with the frequency of the oscillations proportional to the
intensity of the incident current.
In our work, periodic oscillations were observed for electron transmission through
the funnel-shaped tapered glass capillary for 1000 eV at tilt angles very close to zero
degrees. For ψ = 0.2o the oscillations started after 150 nC charge was deposited into the
capillary as seen in Fig. 38. The oscillations observed for ψ = -0.4o and -1.0 appear to occur
at lower frequencies than those for ψ = 0.2o. The periodicity, i.e., number of oscillations
per fC, was estimated to be ~7 x 104, 4 x 104, and 5 x 104 per fC at ψ = 0.2o, -0.4o and -1.0,
respectively. This oscillatory behavior is similar to the charging and discharging of a
typical capacitor. In the current study the charging and discharging are very rapid, however.
A theoretical model by Pokhil et al., [94] suggested that such variations in
transmitted intensities of ion transmission are not only due to the charging of the capillary
but also due to defects in conduction on the surface upon the accumulation of charges that
lead to an asymmetrical increase in conduction. Generally the observed oscillatory
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behavior is supported by the periodic change of the surface conduction of insulators (glass).
Such discharging effects have so far not been reported for electron transmission through
nano- or microcapillaries.
To further explain the variations in intensity the centroid energy and FWHM (eV)
values were studied. From Fig. 38 and 39 for ψ = 0.2o, -0.4o and -1.0o oscillations in the
transmission intensity were observed with various frequencies, which make it hard to
calculate the centroid energy and FWHM (eV), particularly for low transmitted intensities.
In order to simplify the analysis the data for ten adjacent spectra were averaged. The
average spectrum for ψ = 0.2o is shown in Fig. 41 where three Gaussians (red, green and
blue) were fit to cover the entire energy range and intensity. The centroid energies (eV)
and FWHM (eV) values were calculated from the three Gaussian fits. In Figure 42 the
integrated intensity, average intensity for ten adjacent spectra, centroid energy and FWHM
values calculated from the averaged spectra with respect to the charge deposited into the
capillary were plotted. Red, green and blue data points represent the three Gaussian fits
shown in Fig. 41.
The red data points in Fig. 42 show the centroid energy (1024 eV) and FWHM (30
eV) values close to those of incident beam, indicating that the electrons associated with
these points are due to elastic transmission of the beam. For the other two colors (green
and blue) the centroid energy is less than the incident beam energy and the FWHM is larger
than that of incident beam, so the electrons associated with those are due to inelastic
transmission of the beam. Although the green and blue fits show inelastic behavior, the
FWHM for the green fit (~68±4 eV) is narrower than the blue fit (~143±7 eV). Also, the
centroid energy of the green fit (~980±2 eV) is larger than that of blue fit (~900±5 eV).

93

The blue fits for the centroid energies and the FWHM represent about two times the change
in values as those for green fits.

Figure 41: Averaged energy spectra at ψ = 0.2o at 1000 eV with the red, green and blue
solid lines representing symmetric Gaussian fits to the data. The black line is the
accumulated fit and the symbols are the actual data points.

This observation indicates that electrons associated with the blue fits lose more
energy by making more collisions with atoms or by going deeper into the glass than
electrons associated with the green fits. The green and blue peaks are due to excitation and
ionization of atoms. According to Table 5, the 1000 eV electron beam has enough energy
to ionize any of the electrons in oxygen and boron and up to K shell electrons of silicon.
Moreover, to see the relative contributions to the transmission from the three peaks the
transmitted intensity fraction for each fit (red, green, and blue) is plotted in terms of the
deposited charge into the capillary in Fig. 43. As seen, ~10% of the intensity is from elastic
transmission (red), while the other two peaks (blue and green) contribute on average ~ 45%
to the intensity. Even though the inelastic contribution is dominant for 1000 eV incident
electrons, there is still some contribution from elastic transmission as well.
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Figure 42(a): Transmitted beam intensity, (b) average intensity for ten adjacent points,
(c) centroid energy and (d) FWHM (eV) for ψ = 0.2o at 1000 eV. The centroid energy
and FWHM are averaged over ten adjacent points. The three peaks were found from
symmetric Gaussian fits to the data as shown in Fig. 41.

Time evolution for 1000 eV with larger tilt angle (-5.0o)
Here our interest was to see how electrons interact with the capillary walls and
affect the transmission through the capillary for different beam fluxes into the capillary
over longer times. In this section, the charge (time) dependence was studied at a tilt angle
of -5.0o, which is in the indirect region where the incident beam makes at least one collision
with the capillary surface. The tilt angle of -5.0o was chosen from Region 1 from the
angular and energy dependence study described in Chapter IV. The present work was done
for electrons with incident beam energy of ~1024 eV incident on capillary B (outlet size
100 µm).
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Figure 43: Transmitted intensity percentages to total transmission for the red, green and
blue peaks for ψ = 0.2o. Red represents the elastic transmission while green and blue
represent inelastic transmission.

To investigate the transmission in detail the time dependence was measured for
about 35 hours. Figure 44 represents the integrated energy spectrum for channels 802–1060
eV taken over a period of 72 s with an energy spacing of 6 eV, where the transmitted
intensities have been plotted with respect to the charge deposited (in nC) into the capillary.
The incident beam current into the capillary was varied in three steps. The measurements
were started with a beam intensity of 20 pA and then it was increased to 25 pA, 125 pA
and 200 pA at the positions indicated as x, y, and z on the figure, respectively.
As seen in the Fig. 44 transmission was observed almost as soon as the beam of 20
pA was put onto the capillary (the beam was blocked for 48 hours before letting it hit the
capillary). The transmission remained nearly constant with an intensity of about 3000 cps.
After increasing the input current to the capillary to 25 pA at the point indicated as "x" in
Fig. 44, the transmitted intensity increased but still was stable at just under 4000 cps. Next,
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the current into the capillary was increased to 125 pA as indicated by the point "y" in the
figure.

Figure 44: Variation of intensity with deposited charge at  =  = -5.0° for incident
electrons with incident energy ~1024 eV. At x, y and z the beam flux into the capillary
was increased from 20 pA to 25 pA, 125 pA and 200 pA, respectively.

The transmission first decreased just after the time the current was increased
following which the transmission started to gradually rise and later caused a series of
unstable sudden jumps with maxima of more than 10,000 cps in the transmitted intensity.
Finally, the input beam intensity was increased to 200 pA at point "z" indicated in Fig. 44.
For a charge deposited of about 5500 nC, the transmission was nearly blocked but a quick
recovery was observed. At 6000 nC the count rate increased dramatically reaching more
than 10,000 cps again. After depositing a total charge of ~7000 nC the transmission fell
quickly followed by total blocking. For large charge insertions, oscillations and blocking
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were observed in the transmission for electron transmission through tapered glass
capillaries. Blocking and discharging of beams through tapered glass capillaries is a
common behavior for slow HCIs [95].

Figure 45: Energy spectra at the indicated positions a, b, c, d, e, and f in Fig. 44. The red
curves show the spectrum for the incident beam without the capillary in place normalized
to the data.

To obtain information about the transmitted energy spectra the points a, b, and c
corresponding to points of nearly stable and constant transmission and the points d, e, and
f corresponding to unstable sudden jumps in Fig. 44 were chosen. The energy spectra
associated with these points are shown in Fig. 45, along with the normalized incident beam
spectra (red curves) without a capillary in place. These red curves were used to separate
the elastic portion of the transmission from the inelastic portion. Accordingly, the inelastic
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intensity contributions were calculated by subtracting the normalized portion from the total
integrated spectrum [68].

Figure 46: Ratios of elastic to inelastic intensity contributions for the energy spectra
shown in Fig. 45 with respect to the indicated positions in Fig. 44. The points (a, b, c)
are in nearly stable and constant regions of the spectrum of Fig. 45 in the order of
increasing charge, and the points (d, e, f) are in regions of high fluctuations, again shown
in the order of increasing charge.

The calculated fractions of elastic to inelastic contributions are plotted in terms of
the selected points a to f. The points are plotted in Fig. 46 as two groups referring to the
regions of stable equilibrium and the regions of high fluctuations, respectively. In the stable
regions (a, b, c) the elastic to inelastic ratio is smaller and about the same value for the
three points indicating the inelastic nature of the transmitted electrons. At points (d, e, f)
the elastic to inelastic ratio is larger with the largest value found at the point f. The points
(a, b, c) and (d, e, f) were separately fit with linear equations giving the results shown in
the figure. The slopes of the two fittings are found to be quite different from one another.
The slope for the points (a,b,c) is nearly flat and indicates that the elastic and inelastic
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portions are about constant in the stable transmitted region. The slope for points (d,e,f) is
much steeper and it indicates the elastic to inelastic ratio increases with increasing charge
deposition.

Figure 47: Contour plot for ψ = -5o showing transmitted energy vs. charge deposited into
the capillary with the intensity in color. The figure is the contour plot of Fig. 44 for 1000
eV. The colors from blue (minimum) to red (maximum) show the number of electron
counts as indicated on the color map. The white horizontal dashed line indicates the
incident beam energy of 1024 eV. The black vertical dashed lines with the notations x,
y, z indicate the changes of beam flux into the capillary from 20 pA to 25 pA at x, to 125
pA at y and to 200 pA at z.

The contour plot for the total transmission is plotted in Fig. 47. The energy and
intensity variations with respect to the deposited charge into the capillary can be readily
seen. The marked positions x, y and z are the deposited charge values at which the incident
beam flux was changed. As seen, the transmission through the capillary decreases at the
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times of two of the changes in charge flux into the capillary, that is, at the positions y and
z, following which it increases. When the beam flux into the capillary increased from 20
pA to 25 pA at the position x the transmission increased by about 25%.

Figure 48: Transmitted intensity percentage to total transmission for elastic and inelastic
contributions for the data of Fig. 47 at ψ = -5o for 1000 eV electrons incident on the
funnel-shaped capillary.

During most of the time the centroid energy of the transmission is less than 1024
eV (incident beam energy) as seen from the figure indicating the dominance of inelastic
transmission. Interestingly, for deposited charges in the range 3500 nC to 4500 nC (see
Figs. 44 and 47), where rapid fluctuations were observed, the transmission indicates an
unstable electric field due to the instability of charge on the capillary surface and indicates
the transmission is more elastic, when this condition occurs.
To see the possibility of making elastic electron micro-beams using a tilted funnelshaped tapered glass capillary, the elastic and inelastic portions were separated for ψ = -
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5.0o and the intensity percentages with respect to the total transmission are plotted in Figure
5.21. As seen, ~ 25-35% of elastic transmission is possible. At higher incident beam fluxes
with rapid intensity fluctuations the elastic contribution is more than 40% but a stable beam
cannot be produced for these fluxes because of the rapid instabilities.
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CHAPTER VI
CONCLUSION
An experimental study of electron beam transmission through two micrometer
sized funnel-shaped (tapered) glass capillaries with inlet/outlet diameters of 800/16 µm and
800/100 was performed. Incident energies of 500, 800 and 1000 eV electrons were studied
for the capillary with inlet/outlet diameters of 800/16 µm. For 800 and 1000 eV
transmission was observed for the tilt angles ψ = 0.0o, -0.1o, -0.2o, -0.4o, while for 500 eV
small transmission was observed at ψ = 0.0o.
For the capillary with inlet/outlet diameters of 800/100 µm, electrons with incident
energies of 500 and 1000 eV were successfully transmitted and guided for tilt angles up to
~5o and ~8o (off-set corrected), respectively, with respect to the incident beam direction.
The transmitted beam angular profiles consisted of up to three components. The tilt angle
dependence, the full-width at half-maximum (in degrees), the centroid energies of the
transmitted electrons, and the full-width at half-maximum (in eV) of the energy
distributions of the transmitted beam for the transmission were examined. The angular
width of the transmitted beam decreased as the absolute value of the tilt angle increased,
which was attributed to the path of the transmission becoming more limited with increasing
tilt angles. The numbers of peaks of the transmitted beams were found to be three for small
tilt angles and the number decreased as the absolute value of the tilt angle increased. Those
three peaks were recognized by the position of the transmitted beam and the energy of the
transmitted beam. Furthermore, one of the peaks was due to the direct transmission of the
beam and the other two were caused by scattering the beam from the capillary surface. The
direct beam demonstrated elastic behavior for both energies as the beam does not collide
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with the capillary surface, while the other two peaks were due to the scattering of the
electron beam close to the exit of the capillary. As lower energy electrons can be scattered
elastically from atoms close to the surface, the beam profiles obtained from these scattering
events demonstrated elastic behavior for 500 eV. For 1000 eV inelastic behavior was
dominant, as higher energy electrons penetrate further into the bulk of the capillary and
lose energy due to various inelastic processes such as ionization or excitation of valence
and inner-shell electrons.
For tilt angles as small as or less than the direct angle at least one of the transmitted
components had the initial energy for both 500 and 1000 eV. This occurred by the direct
transmission of the beam. However, for 500 eV the transmission components still had
negligible energy loss for larger tilt angles, while all components for the larger angles at
1000 eV showed energy losses. The 500 eV electron beam shows elastic transmission
beyond the direct angle (~1o) up to angles of ~5o. This elastic transmission was attributed
to Coulomb deflection by a negative charge patch formed on the capillary surface similar
to the case of deflection by the positive charge patch for keV HCI transmission. This
indicates that the charge patch potential (qU) is greater than the energy of the perpendicular
component (to the capillary surface) of the incident beam E┴ ; (E┴ < qU). For 1000 eV the
transmission had the initial energy for tilt angles within the direct angle (ψ = 1o). For larger
tilt angles, although the transmitted beam suffered from energy losses, guiding was
observed up to angles of ~8o, where both elastic and inelastic components of the transmitted
beam caused peaks to occur either individually or together.
The electron transmission, referred to as direct and indirect, was characterized by
three distinct categories for both 500 and 1000 eV incident energies, where Region 3 is the
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direct region, Region 1 is indirect region and Region 2 is the transition between them. The
difference in transmission between the two energies indicates that for 500 eV the electrons
are deflected or scattered towards the exit without losing appreciable energy, while for
1000 eV the beam interacts more strongly with electrons in the charge patch or with the
capillary wall resulting in significant energy losses. Thus, the charge patches on the inner
surface play a major role in deflecting electrons for 500 eV, while the charge patch formed
at 1000 eV is not as effective in deflecting the beam elastically, resulting in large
contributions from inelastic behavior in the transmission. The direct region, in which the
beam geometrically travels in straight lines without touching the inner walls of the
capillary, has no (or very minimal) energy losses. For 1000 eV those elastic events were
observed only for capillary tilt angles within aspect ratio of the capillary. Also, for 1000
eV, even within the aspect ratio, energy losses were observed due to the deflection of the
beam close to exit of the capillary. In the indirect region the capillary is tilted beyond the
aspect ratio and the beam collides with the capillary or is reflected by the wall surface and
thus loses energy. In this work the distance that electrons travel into the glass is reported
to as 0.004 and 0.01 µm for 500 eV and 1000 eV, respectively. Compared to the thickness
of the glass wall of the capillary (~200 µm), the electron beams make grazing incidence
collisions and scatter primarily from surface atoms.
The guiding ability of electrons was found to be smaller than that of positive ions
which indicates electron guiding falls off faster than positive ions. Furthermore, the guiding
ability was observed to increase with increasing energy in agreement with results for
electron transmission through nanocapillary foils and in contrast with slow ion
transmission through nano- and microcapillaries where the guiding ability decreases with
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increasing energy. For Capillary B (100 µm outlet diameter), the transmitted current
density gains near zero degree tilt angle were estimated to be (2 ±1) x 10-3 and (4 ±2) x 103

for 500 eV and 1000 eV, respectively. These values can be compared with those on the

order of about unity for highly charged ions on similar capillaries reported previously.
The time evolution (charge dependence) of the transmission demonstrated two
different behaviors for the studied energies (500 eV and 1000 eV). At 500 eV transmission
gradually increases becoming mostly constant with infrequent breakdowns for all angles
investigated. While inelastic processes dominate for 1000 eV even at small tilt angles of
~0.2°, the transmission was generally elastic (due to Coulomb deflection) for 500 eV even
for larger tilt angles. For the tilt angles in both the direct and indirect regions the chargeup constant is ~60-74 nC with a trend of increasing with increasing tilt angle. Instead, the
time (charge in) dependence for 1000 eV transmission was gradually increased with a
smaller charge-up constant ~2-4 nC for tilt angles in the direct region for both 16 and 100
µm capillaries. For tilt angles in the indirect region with the 100 µm capillary the chargeup constant is ~ 25 nC which is still less than that for 500 eV. Moreover, the transmission
had periodic breakdowns for tilt angles ψ = 0.2o, -0.4o and -1.0o, and the periodicity was
about the same for those tilt angles. Breakdowns in the transmission for 16 µm were also
observed for the studied tilt angles ψ = -0.4o and -0.6o. The periodic oscillations in the
transmission can be compared to the behavior of a capacitor where charging and
discharging repeats. Interestingly, the study demonstrated that electrons can be used to
produce a microbeam in glass capillaries, but the elasticity depends on the incident energy
and the beam incident angle.
This rather complete study of the energy, angular and time variations of transmitted
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electron beams through a micro-sized funnel-shaped tapered glass capillary provides
considerable information needed to better understand the behavior of electrons when
traveling through glass capillaries. The results show significant differences between not
only the transmission of highly charged ions and electron beams, but also differences
between incident energies of 500 and 1000 eV electron beams when traveling through
funnel-shaped glass capillaries. The present work, however, recognized the possibility of
producing a microbeam of electrons using a funnel-shaped glass capillary and this study
open the possibilities for applications using electron beams formed with funnel-shaped
glass capillaries.
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